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GUIDE TO NONDESTRUCTIVE ASSAY STANDARDS:
PREPARATION CRITERIA, AVAILABILITY, AND
PRACTICAL CONSIDERATIONS *

S.-T. Hsue, J. E. Stewart, T. E. Sampson,
G. W. Butler, C. R. Rudy, and P. M. Rinard

Abstract

For certification and measuremerbntrol, nondestructive assay
(NDA) instruments and methodssed for verification measurements of
special nuclear materiakSNMs) require calibrations based arertified
reference material§CRMs), or working reference materialfWRMS),
traceable to the nationatystem of measurements, arablequately
characteristic of theinknowns. The Department ofEnergy Office of
Safeguards and Security is sponsoring production of a comprehensive guide
to preparation ofNDA standards.The scope ofthe report includes
preparation criteria, curreravailability of CRMs and WRMs, practical
considerations forpreparation and characterization, and an extensive
bibliography.

In preparing thereport, basedprimarily on experience at Los
Alamos, we havdound that standards preparation is highly dependent on
the particulaNDA method beingapplied. We thereforenclude sections
that contain information specific to commonlged neutron angamma-ray
NDA techniques.

We also present approachtst are alternativefo, or minimize
requirements for physical standards. In this section, we describe instrument
cross-calibration, where onemember of a family of nearly identical
detectors is carefully calibratedth WRMs (definingthe calibration curve
shape), and other detectors are normalized to the refeletexstor, using a
single WRM, or an isotopisource. Another alternative, that is becoming
increasingly viable, ishe use ofMonte Carlo simulations to definshape,
and a single WRM, or isotopic source for normalization. Anatbet- and
effort-saving approach igharacterize WRMswith the combination of
calorimetry and plutoniunmsotopics (Cal/lso). Immany practicalcases,
Cal/lso values are moraccurate than can be obtainetth destructive
analysis and weighing.

The guide is tailored to avide audience, USDOE facilities,
although considerable interdsisbeenshownfrom those concerned with
materials control and accountability Russia, Europe, Japand South
America.



EXECUTIVE SUMMARY

As the role of nondestructivassay(NDA) techniqueshas grown in the
implementation of material control and accounting (MC&A) systems for domes-
tic US and international safeguards at nuclear facilities, so has the importance of
physical standards fonstrument calibration and measuremeantrol. Most
NDA techniques rely on physical standards for calibration.

Through calibration measurements of physiséhndards, amabsolute or
relative relationship is established between instrumesgonse anthe masses
or ratios of SNM nuclideknown to be present. Physical standaads also
routinely used to test, verify, and normalize instrument response.

Physical properties of standardee considered to bknown absolutely
through accepted systems of fabrication, analysis, documentatidrgontrol.

The “true” values ofstandardgparameters are usuallyased on methods of
destructive analyse¢DA) and must be as free of bias as is practicable,
depending on the NDA method in question.

For optimumuse of physicaktandardsphysical properties mushatch
those of unknownsufficiently so as to not significantlglter the observed
NDA response. Frequently, successlisainedwhen physical standardgve
known, correctable deviations in properties, compared with unknowns.

Physical standards for NDA, theare anecessary part dhe successful
application of any NDA technique, regardless of the number or variety required.
While manypapers andbookshave been written describing development and
application of NDA techniques, very few publications have been devoted exclu-
sively to NDA standards. This report is intended as a revieavaifable NDA
standards and the fundamental physical principles involved in their preparation.

The Introduction (Chapter Ipresentsthe motivationfor preparing the
report, the rationale for the emphasis on practical guidance and some fundamen-
tal definitions forstandards. Next we discufize individualNDA techniques
most frequently used ithe US and European facilitiegth emphasis on stan-
dards that are applicable to eadechnique. Foreach NDA method, a
description of the physical principles of thmeeasurement, guidelines for
preparation ostandardsavailability of standardsand practicalconsiderations
are given inChapters Il andll. In Chapter IV wediscussthe certified
reference (CRM) andvorking reference material (WRM$tandardsthat are
currently available in the US and Europe. Chapter V is a generic description of
the standards preparation procedures @adeability to the nationadystem of
measurements. In Chaptéfl, we discuss methods tmaximally utilize
existing standards analternatives tcstandardghat areless costly andime-
consuming. Chapter Vlldescribes quality assurancestdndards through the
calorimetry exchange program, calibration using the combination
calorimetry/gamma-raypssay and standardecertification. The last chapter
(Chapter VIII) givessix recommendations and the ration&e each. These
recommendations are repeated here, as an aid to the reader.



RECOMMENDATIONS

1. Establish, within the United States, a resourasenter (such as
PERLA in the EEC) housing an extensive collection ofwell-
characterized NDA standardsand where laboratories exist in
which NDA systems are characterized, calibrated,and used for
training.

The US has no dedicated centewhere userscan bring their NDA
instruments for evaluation and calibration. We recomnestablishing, in the
US, a resource center such asthe Safeguards Performance Laboratory
(PERLA) in the European Economic Community (EEC).

2. Request that NBL/IRMM develop several CRMs.

Several CRMsshould be producethat would be very useful tdhe user
community. Because dhe difficulty in preparingCRMs, they should be
selected carefully in conjunction witthe development effort to reduce the
number of standards requireddalibrate NDAsystems. If New Brunswick
Laboratory (NBL) and the European Institute for Reference Materials and Meas-
urements (IRMM ) have difficulty in fabricating some of th€&®RMs, national
laboratories can provideupport. The plutonium-bearingRMs may beissued
in limited setsbecause of the difficulty ishipping. Two needs staralit: a
pure plutonium metal standards set and a low-density standards set.

3. Develop bulk-plutonium WRMs

Several WRMsshould be producethat would be very useful tdhe user
community at theesource facility. These itensfiould not be shipped from
site tosite. Threeneeds have beedentified: an impure oxideset, apure
plutonium metal set, and a MOX set and a wet plutonium oxide set.

4. Establish the combination of calorimetry and plutonium gamma
spectrometry as an acceptable,routine method to certify
plutonium-bearing WRMs.

The combination of calorimetry and plutoniugamma spectrometryis a
powerful approach focharacterization of plutonium-bearinRMs. The
combination idessprecise andaslarger bias thachemicalanalysis,but the
combination is cheaper and more timelith sufficientcounting time preci-
sion and bias obetter than0.3% can be achievedor homogeneous and
relatively pure plutoniumsamples. This isertainly sufficientfor waste assay
systems wheréhe precision antbiasare in the several percer@nge. This is
probably adequate for certifying secondary WRMs.



5. Publish a reference manual on the standards (RMs) tlzannot
and should not be shipped from site to site.

Some NDA standards, because of physstz¢, cannot be shipped frosite
to site. Also, soméow-level waste standardiat areused toflag disposable
waste athe 100 nCi/g level,should not be shipped tather sites because of
ease of preparation. It will be very useful to publisipractical guide to
illustrate how these standards are made.

6. Establish the calculational approach as aracceptable, routine
method of NDA instrument calibration.

Some standards cannot be characterized without being partigmpletely
destroyed at greaxpense. Examples of thisrefresh and spentactor fuel-
elements.






. INTRODUCTION
A. Motivation

Material control and accountinViC&A) systemsare designed to keep track of
special nuclear materialkSNM) in any accountableprocess,and they arebased on
guantitative measurements that ased to formmaterial balancesvithin that process.
Accordingly, ourability to use material balances to detesignificant losses from the
process dependgreatly on accurateneasurements. Ithe lastdecade, nondestructive
assay (NDA) techniques have become importartalytical tools for the quantitative
determination oSNM. NDA hasthe advantage that it is often cheapad moretimely
than destructive analysis (DA), requires less training of the operator, and dgenaGte
any hazardous or radioactive waste. In some cases, such as scrap and wastenfiroah
or physical processes involving SNM wherein the sample is oftennegrhomogeneous,
NDA may be the only method for determining BBRM content with reasonable accuracy.
A detailed discussion ofthe various NDA techniques can bdound in Passive
Nondestructive Assay oRNuclear Materials published bythe Nuclear Regulatory
Commission in 1991.

Most NDA techniques rely on standards for calibration. A gmaditbration defines
an absolute orelative relationship between tiNDA instrumentresponse and masses or
ratios of SNM nuclidesknown to be present.The calibration takes into account the
detection efficiency, any collimator between the sample and detector, all absorbers, and any
other factor that will affect theesponse othe system. NDA standards, thereforeye a
crucial part of anyNDA technique, regardless tife number or varietyequired. While
many papers and books have discussed NDA techniques, vepuldigations have been
devoted exclusively to NDA standards. This report is intended as a reviee afailable
NDA standards and the fundamental physical principles involved ingrepiaration. We
have also included a bibliography on NDA standards in the Appendix.

NDA standards are generally of a physical size, SNM mass, and chemicah&brm
is applicable to the NDA technique being calibrated, but the standards do not haatehto
exactly the type of materidbeing measured. There is a generdmpressionthat the
standards need toatch thesamples irall aspects othemicalcomposition; this is overly
restrictive andwould require many differenstandards. NDA standards shouldhave
propertiesthat represent the materials being measuredllicharacteristics that affect the
NDA measurement. For NDA standartie emphasis should glaced on calibrating the
technique. For example, plutonium oxide standards for neutron coincidence counting need
to contain a minimum of the impurities that contribute to thgn)( reaction, whereas
standardghat contain asubstantial amount aduchimpurities are perfectly adequate for
neutron multiplicity counting. Understandinthe physical principles ofll the NDA
techniquegffers the opportunity tominimize thenumber of sets of standards required.
Standards witlthe best pedigree (high-quality documentattbat providestraceability to
the national system of measurements) will not necessarily be suitable for the calibration of a
technique thatloes not represent in sorsgnificantway the material inquestion. This
report explains the important factors of teendards required foeach of the NDA
techniques discussed.



First we will discussthe NDA techniques that arenost frequentlyused in the
United StateqUS) and European facilitiewith the emphasis orthe standardghat are
applicable to each technique. We will not discuss the emerging NDA technologies, such as
tomographic gamma scanning, because these newer techniques are still in development.

The preparation of an NDA standard is expensive and time-consuming. If a set of
standards is prepared incorrectly, it is a waste of tiogmand money; iraddition, SNM
waste is generated and it mustdigposed of or recoveredlherefore the fabrication of
standards must be planned very carefully. Clearly the physical properties ofribislide
mass, composition, distribution, and matrix) significanN@A instrumentresponse must
be known precisely throughout the fabrication procedure and sample characterization. The
examples in this repoghow the amount of carend thoughtthat havegone into the
preparation of eacket of workingreference material (WRM3tandards and should be a
useful guide to thoseho need to preparstandards. Wavill also discuss howwell the
standardseed to be prepared and characterized. In smases, such as wasissays,
where the precision andias requirementsire less stringenthan for input or output
sampleshighly accuratestandards of goodedigree ar@erhaps nohecessary. Wauill
discuss an alternative method of certifying waste assay standards that is easy to accomplish
and therefore less costly.

B. Practical Guidance

We would like to emphasize that this report is intended to servepastacal guide
to the NDA user community. IrChapterlV, in addition to theNDA techniques, we
discussthe certified reference materi@CRM) and WRM standardsthat are currently
available. Only two sets ofNDA CRMs are available in the U&nd Europe. While it is
not possible to discussvery set oMWRM thatexists, wewill select certain well-prepared
and documentedVRM setsthat best represernhe wide variety of WRM standardghat
have beerprepared. InChapter V weaddress standardsreparation methodology by
summarizing the general underlying principles of the preparati®tiaoidards. Irthis
chapter we also descrilmw these standardsan be traced back to a chemiealalysis.
Chemical analysis (destructive analysis, or DA) has existed much longéE#aand the
traceability of DA to CRMstandards isbetter established andccepted by theuser
communities. DA providethe link thatallows NDA measurements to be traceable to the
national system of measurements.

One factstands out fronexperience wittNDA calibration: if theassaytechnique
has a linear response as a function of SNM contieer, the number adtandardsieeded
for calibration is small, ranging from three to five. In thegstems, a low-masgtandard
is not very useful becausikee counting statistics (fuch a standardre poor in anormal
counting time. Ifthe assaytechniquehas anonlinearresponse, such dke Active Well
Coincidence Counter (AWCC), then it is crucial to have many standards covermgséye
range to adequately define the nonlinear curve.

While it is desirable to have mamsgts ofCRM standards for ahiDA system, in
practice they are not apt to be available in a timedyner. Some dhe requirements for
WRMs are mandated by Departmentisfergy (DOE) regulations and must be followed
closely. Therefore facilities need to bmnversant in the preparation WRMs. This
report is intended tassistthe staff of nuclear facilities inunderstanding how tprepare



WRMs. There are also many users of NDA instruments who are routinely confronted with
calibrationrequirements. This report will hethem inunderstanding what standards are
available and how some other facilities have dealt with the standards issue.

Some of the standards are hard to fabricate and difficult to stotgpicdal example
of this is irradiatedspentnuclearfuel. These samples are highly radioactiyard to
characterize, and difficult to store. When a spent-@leshent is chemicallgharacterized,
the standard is destroyed in the process. In tba@sesthe alternative tasing a standard
is to certify a calculationainethod. Anexample ofthis will be given in Chapter VI
whereby Monte Carlo calculations were successfully usaiirolate mixed oxide (MOX)
fuel elements. Thealculational method camlso be used toeeduce thecost of fabricating
NDA standards.

After aset of standards hdseenprepared, it ismportant to have a program to
assurethe quality of thestandards. As wpoint out in Chapte¥Il, this can bedone by
using NDA to reverify standards. danalso be done by round robsample exchange or
other material exchangerograms. Wewill also discussthe calorimetry exchange
(CALEX) program in the US in some detail.

Finally we discuss oumrecommendationgor future directions of research and
development on NDA standards that can savé\fDA usercommunity money andffort.
One of therecommendations is to establish #texeptance of NDAechniques to certify
standards. Another recommendation is to achieve better acceptance of calculational
approaches for the design and also for the certification of standards.

C. Definitions

1. Standards. Standardscan be divided into primary andecondary
categories. PrimardDA standard$ave agood pedigree, uniform distribution 8NM,
good chemical characterization traceable to chem@RIMs, and consistent verification
measurements. These standards beused withconfidencefor the technique iruse.
NDA CRM standardsare always primary standard®r the calibration of anassay
technique.

Secondary standards have one or more problemstheihpedigree. The sample
may not have a uniform distribution 8NM, orthe verification measurement megtect
some inconsistency witthe primarystandards. Inhesecases,some adjustments may
have to be made to the accepted values of the standard, making it a secondary standard.

2. Certified Reference Material. CRM standards prepared fronuclear
materials are typically ohigh purity and havegood chemical stability orreproducible
stoichiometry. Theyare certifiedusing the most accurateand precise measurement
methods available, often with more than one laboratory involved in malentification
measurements. CRMs are generally used oatianal or internationdevel, and they are
at the top of the metrological hierarchy of reference materials.

A CRM standard has one anore property valuesertified by a technically valid
procedure and is always accompanied by or traceable to a certificate or other documentation
issued by aertifying body. Inthe US the certifyingpody for chemical composition,
isotopic composition, anllDA measurements is tidew BrunswickLaboratory (NBL)
of DOE. In Europethe certifyingbody isthe Central Bureator Nuclear Measurements



(CBNM), in Geel, Belgium, now known ahe Institutefor Reference Materials and
Measurements (IRMM).

Because a CRMtandard is considered a primary reference material, it must be
available to avide and perhapmternational audiencr anextended period of time. In
light of theseconsiderationsthe designers of £RM standardare severeljyimited in the
guantity of SNM that can be put into that standard, mainly because of complam=ns
with the nuclear and other regulatory agencies in different laboratories in the US and in
other countries wherthe CRM might beneeded. These limitations arendoubtedly the
reason why only two sets of CRMs for NDA have been produced in the past twenty years.

3. Working Reference Material. While WRMs should have quality
characteristics similar to CRMs, the rigor used to achieve those characteristics is not usually
as stringent as for CRMsWherepossible, CRMsareused tocalibrate thanethods used
for establishingthe concentration values or amount3¥IM assigned to a WRM, thus
providing traceability back taCRMs. AWRM is normally preparedor a specific NDA
instrument at the facility where it is needed.

Because of the importance of having highly reliable measuremeriratatauclear
materials, particularly for control and accountabipiyrposes CRMs are sometimessed.
However,CRMs prepared from SNMre notalways availablefor specific applications.
Thus there may be an urgent neft a laboratory or facility to prepard/RMs. The
supply of CRMs isften toolimited in the quantities needddr long-term,routine use.
Well-characterized WRMs can appropriately beed in place of CRMs in most
applications.

SNM solution standardare difficult to prepare andse because of thdrarsh
chemicaland physical propertiesChemical instabilitiesind radioactivity aréwo factors
that must be dealt with carefully. Plutonium solution standards are always priggatiyd
at each siteand onlyWRM solutionsare available. It is difficult or impossible &hip
solution standards frorsite to site because of compliance requireméois regulatory
agencies. Thus imany cases,the only viable option is to prepare WRM solution
standard at the facility where it is needed.

Some WRMs are as well-characterized as the CRM standardsxafple ofthis
is the set of plutonium oxide and MOX standards at PERformance LAboratory (PERLA).
However this is the only set fabricated and it is available for use only at PERLA.
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II. OVERVIEW: GAMMA-RAY TECHNIQUES
A. Plutonium Isotopic Measurements

1. Introduction. The role ofstandards irthe nondestructive measurement of
the isotopic composition of plutoniuand uranium) usingiamma-rayspectroscopy is
significantly different than for standards used with other NDA methods. These differences
arise because the method most highly developed and used deeguiret calibration with
standards, relying instead on known valuefuatiamental physical constants antérnal
or intrinsic self-calibration. This approach allowlse measurement of the isotopic
composition of the plutonium in samples of arbitraige, shapeand physical and
chemicalcomposition inside containers of arbitrary amtknown size andcomposition,
with a measurement geometry that is not required to be reproducible.

Nevertheless, standardsill play an important role in the implementation and
characterization othis measurement technique. It is only Using standards teheck
measurement performance that one can be assured that the measurement technique is indeed
performing as required and that the accuracy or measurement bias can be characterized.

In the following sections we will develophe basis forthese measurementsat
makes them independent standards, discuseeference materiaktandardsthat are
availablefor measurement characterization, and desdnioe facilities mayuse working
standards for the same purpose.

2. Measurement Principles The photopeak area for a single gamanacan
be written as

C(E) =AN'BRg(E) (1)
where C(E}) = photopeak area of gamma-jayith energy Eemitted from
isotopel,
A = decay constant of isotope(\' = In 2/T,,,, where T, is the
half-life of isotopd),
N' = number of atoms of isotope
BR} = branching ratio (gamma rays/disintegration) of gamma-firayn
isotopel, and
g(E) = total efficiency for photopeak detection of a gamma ray with

energyk;. Includes detector efficiency, geometry, sample self-
absorption, and attenuation in materials between the sample and
detector.
When this equation is applied to gamma4jrdsom isotopel and a secongamma-
ray mfrom a second isotopgeand rearranged, the atom ratio of the two isoto@ewk is
given by
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N oE) Tl'/2 BRY, RE(E)
k [ ]
N C(I_—'ll,;) 1/2 BR| RE(E,) 2)

In Eg. 1and 2, the photopeak are@¢E) are measured and the half-lives, and
branching ratio8R areknown nucleardata. The total efficiencye(E) in Eq. 1 hasbeen
expressed in terms of the relative efficieRiyin Eq. 2. Geometry factorganceland the
relative efficiency ratioincludes only sampleself-absorption,attenuation in materials
between the sample ad@tector, andletector efficiency. The use of anefficiency ratio
removes the need for reproducible geometry and makes the isotopic ratio apgilcable
to samples of arbitrary size, shape, and composition.

At this point the relative efficiency iBg. 2 isstill unknown,although it is only a
function of energy. Rearranging Eq. 1 gives

RE(E,) = [)\'N ] C(:) . 3)

In EQ. 3, the term in brackets is a constant for a given isotope; the relative efficiency
as a function of energy may be obtained from the variati(in(Efl.)/BRj with energy for a
series of gamma-raygrom a single isotope This variation with energy ithe same for
all isotopes inthe samplgassuming no isotopiketerogeneities) and “curve&jr several
isotopesmay be normalized to each othemiwvide moredatafor the relative efficiency
curve. The relative efficiency curve isinique to each detector-sample-measurement
combination and therefore must be obtained directly floenmeasurement data each
individual sample. The curve cannot be predetermin@tstead, it isintrinsic or “self-
determined” for every measurement.

Once the relative efficiency has been determined via Eqg. 3, all the terms in Eq. 2 are
known, giving a measurement of the ratioisbtopei to isotopgj that is independent of
calibration andstandards.WhenEq. 2 is used tdetermine the ratio of eagbotope to a
commonisotope,the isotope raticdata may be combined faroduce absolute isotope
fractions.

Typical relative efficiency curves shown in Figs. 1 and 2 illustrate that, as expected,
the curves are sensitive to the characteristics of the sample and detector.

3. Use of Standards Standardsstill play an important role in isotopic
measurements even thoughcampleteisotopic distribution may be obtained without
calibration or theuse of standards.Their primaryuse is to verifythat a particular
implementation of the general measurement princigissussedabove gives results of
sufficient accuracy for the application.
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Using Eq. 2 inanalysis algorithms teompletely analyze a gamma-ray spectrum
and produce a plutonium isotopic composition is a very complex process. Three plutonium
isotopic analysis computer codes have been developie idnited States and are in use
throughoutthe world. These codeare theFRAM?** code developed &tos Alamos, the
MGA®>® code developed at Lawrence Livermore National LaborafiobNL), and the
TRIFID” code developed at Rockslats. These codes differ somewhat fhe energy
ranges analyzed and in the detailed methods for obtaining peak araatatvel efficiency
curves but share a common featurehiat they include empirical correctidactors to fine
tune the results. The neéat these factors arises becausangperfect peak-area analysis
methods,imperfect modeling of the relative efficiencurve, and uncertainties in the
published nucleadata (mainly in thdéranchingratios). While the analysis results from
these codes are not free frdmas, the bias on individual isotopic fractionsay be < 1%,
relative, under good measurement conditions. An indication of the improvéraethese
empirical adjustments may produce is shown in Figs. 3 and 4.

The results in Figs. 3 andate displayed as the ratio of the measured value to the
certified or acceptedalue. The accepted value in neadyl cases comes from mass
spectrometry (MS) measurememind, in some instances, aralpha spectrometry

PC/FRAM: Coaxial Detector, 120-450 keV
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Fig. 3. The bias for two integral parameters calculated from the measuredisotopic
distribution. Values were calculated using an initial set of parameters.
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Fig. 4. Same data set as in Fig. 3 recalculated after parameter adjustments. The
results for the effective 2*°Pu fraction are significantly improved.

measurement fo*®Pu. The existence of an MS valtier the isotopic composition of an
item is, for most purposes,all that is required to considethe item a“standard” for
nondestructive measurements of the isotopic composition of plutonium.

We enclose the word “standard” in quotation markmdaate thathis may not be
a standard in the true metrology sense, although it islikety to be considered as one at
somelevel in thestandards hierarchy. In mosases,the accuracy and precision of the
isotopic composition determined by MS is better tthetfor the nondestructivgamma-
ray measurement, although theaee exceptiondor which the precision of the NDA
measurement may exceed that of the destructive mkasurement. Mosimass
spectrometer measurements are carriedvibt strict quality control and withhe use of
CRMs for calibrating themass spectrometer.The proper application of these long-
practiced techniques in thanalytical mass spectrometry laboratory will result in
measurements that are traceable to the national measurgystsh andhe resulting
measured items may be consideredvasking standards in most instances. It is this
widely accepted protocol that permits one to say that the isotopic measurements represented
in Figs. 3and 4 are being compared“giandards” wherthe itemhas anaccepted value
from MS carried out under controlled conditions with traceable MS standards.
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4. Examples of Standards. We present examples sfandards in several
categories. Standardsn beused fordirect comparisorwith nondestructive isotopic
measurements and standards are also used to calibrate the mass spectrometers.

This second category atandards ismportantfor NDA isotopic measurements
because they are the conditough whichNDA working standardsnay be traceable to
the national measurement system.

Both groups of standardsan be represented by high-lev&lndards,usually
CRMs, and lower-level standards, usually called working standards.

a. Isotopic Reference Materials for NDA. Only two CRM standards
have been prepared expressly for nondestructive isotopic analysis measurements.

CBNM NuclearReferenceMaterial 271 This standards setas prepared by the
CBNM (now called the IRMM inGeel, Belgium, daboratory of theCommission
of the European Communities) an@s issued with aertification date of 2Qune
1986. The setconsists of fousealed stainless steel containeegh containing a
sintered pellet of about 6.6 g of PLCrhe cansire 40 mm in diameter by 21 mm
tall, each containing one of four isotopic compositions. Tdreylabeled according
to their nominaf**Pu percentage as CBNM PR3, CBNM Pu 84, CBNM Pu 70,
and CBNM Pu 61. They are certified f8iPu+**Pu and*Am isotopic fractions.
Only a few sets of these standards exighe United State@_os Alamos,LLNL,
and NBL). The user should directly contact IRMM for availability.

EC Certified Nuclear ReferenceMaterial 171/NBL CRM 969 This set of low-
enriched uranium standards issued in 1985 was preparexifidd jointly in the

US and Europe. These standards were prepaim@drily for uranium enrichment
measurements but mawlso be used for nondestructive isotopic analysis
measurements analogous to those develdpeglutonium. The Los Alamos
FRAM code can measure uranium in addition to plutonium while the MGAU code
(a separate but similar code MGA) was developed expresskpr uranium. The
set consists of five sealed aluminum alloy caash containin@00 g of YO, in a
different enrichment. The cans are 80 mndiameter by 90 mm taWwith nominal

23 enrichments of 0.31%, 0.71%, 1.94%, 2.9540¢4.46%. These materials
may be obtained from the NBL in Argonne, IL.

b. Isotopic Reference Materials for Mass Spectrometry. Other
standards are available for calibratiomudiss spectrometershese standards provide the
traceability to the national measurement system nedddDA working standards whose
pedigree arises from an isotopic analysis anagsspectrometer calibrateslith traceable
materials.

CRM 136, 137, 138 (formerly National Bureauof StandardgdNBS) 946, 947,
948) These reference materials are the primary dtfhdardsavailable for the
calibration of mass spectrometers.Each standard contains abo@.25 g of
plutonium as asulfate. The nominal**®Pu enrichments ar&2% for CRM 136
(NBS 946), 18% folCRM 137 (NBS 947),and 8% forCRM 138 (NBS 948).
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These are largeenough (barely)that they canalso be useddirectly for

nondestructive isotopic measurements. These standaed®ld; the original
certification datesrom 1972. Also,they are not certifiedor americiumand the
#3%py content of CRM 138 (NBS 948) fisought to have a significabtas. This

CRM may be obtained from the NBL in Argonne, IL.

CRM 144 This reference material is a mixture?Pu*Pu-**Pu with accurately
known fractions. It is used as a spike for isotdjation massspectrometry or as
an internal standard talculate themassdiscrimination correction factdor mass
spectrometers. ThiERM may be obtained i@-mg quantities fronthe NBL in
Argonne, IL.

CRM 128 This referencenaterial is an equal atom mixture GfPu and***Pu
intended primarilyfor the calibration ofmass spectrometers. TH&RM may be
obtained in 1-mg quantities from the NBL in Argonne, IL.

c. Working Standards for Isotopic Analysis. These lower-level
standards are usually unique to a given facility and can be generally defined as materials for
which the isotopic compositiomas been measured by amalyticallaboratory operating
under a qualified measurement contmlgram. Many of the standards discussed
elsewhere in this report, while fabricated specifically for other instruments, are also suitable
for use as working standards for isotopic analysis. They can be used as working standards
because an isotopic analysis is usually a part of any chemical characterizatsiarodaad.

This analysis is almost always sufficientntmke auseful working standard fdasotopic
analysis.

Several types of standards approprfateplutonium isotopic analysiare pictured
in Fig. 5 below.

Counterclockwise from the upper right the following are pictured:

d. Segmented Gamma Scanner (tall stainless steel containers).
Thesestandards, consisting e¥ell-characterized PuOnixed with diatomaceousarth,
were fabricatedor calibrating of segmented gamma-rsgannerSGS). Because they
have a very welknown isotopic compositionthey arealso suitabldor use as a working
standard for isotopic analysis.

e. EC Certified Nuclear Reference Material 171/NBL CRM 969
(briefcase). These uranium enrichment standards are described above.

f. CRM 136, 137, 138, Formerly NBS 946, 947, 948 (contained in
pipe nipples). These primary standarfisr massspectrometry calibration malso be
used for nondestructive gamma-ray isotopic analysis. OT2&-g sample is in glassvial
inside a cardboard container in the pipe nipple.
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Fig. 5. Standards suitable for use in isotopic analysis by gamma-ray spectrometry.

g. CBNM Nuclear Reference Material 271. The set offour primary
reference material$or nondestructiveplutonium isotopic composition measurements
(described above).

PlutoniumIsotopic Determinationintercomparisorexercise(PIDIE) Standards A
setof sevenplutonium standardsachcontainingabout0.4 g of plutonium with nominal
24Py isotopic percentagesf 6.0, 10.0, 14.1, 19.7, 21.1, 23.8, and 25.5 These
standards were distributed asknowns forthe exercise carried out in tHate 1980s.
While the values are not certified, they have been measured by seadydic laboratories
and are reported in Ref. 8.

5. Calorimetry Exchange Program. The DOE supports a program ttack
the practice of calorimetrgind plutonium isotopic composition measurementgydyma
spectrometry throughout the complex. Seven laboratories participateprotiram. Each

laboratory regularly measures the isotopic composition and the total power from a standard

PuQ, sample and reporthe results, whichare tabulated andistributed. The sample
contains 400 g oplutonium as PuQwith a nominal 6%**°Pu content. A group of
identical standards was producedd characterized bigocky Flats in 1979 from single
batch of plutonium. These standards were distributedetgarticipating laboratories and
are stillused for thigpurpose. The reference isotopic compositiontafs standard on 01
Jan 1994 is given in Table I.
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Table |
Reference Isotopic Composition of
Calorimetry Exchange Standard

01-Jan-1994
Isotope wt %
#8py 0.0091
%Py 93.9172
#%py 5.8609
21py 0.1837
22py 0.0291
24IAm 0.1917

Summary results for the calendar year 1994 are tabulated inITabl&éese results
represent the three isotopic analysis codes previously mentioned. The codepexaied
according to facility-specific procedures.

Table I
Summary of Isotopic Composition Measurements
of the DOE Calorimetry Exchange Standard in CY 1994

% Difference from the Accepted Value

Los Rocky Rocky Savannah
Livermore | Alamos Mound Hanford Flats CSL | Flats AL | River
Posi -0.19 0.11 0.26 0.03 ndata -2.09 nodata
% #%Pu -1.56 4.74 6.70 2.21 ndata 9.80 nodata
% #%Pu 0.02 0.00 -0.02 -0.05 nalata -0.04 nodata
% #*°Pu -0.25 -0.14 0.83 0.83 nalata 1.13 nodata
% **'Pu -0.66 0.38 -0.50 0.17 nodata 1.33 nodata
% **'Am -1.49 0.52 0.21 -1.05 nodata -0.85 nodata

6. Practical Considerations. Often whenmaking comparisons between the
measured andcceptedvalues for isotopic compositiomeasurements on standards (see
Figs. 3and 4 forexample) we findhe comparison not agpod as desiredWhat is the
cause of the problem? Three classes of problems may contribute to the disagreement.

* Problems with the analysis code

* Problems with the gamma-ray measurement process
* Problems with the “standard” or certified value
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Thefirst class of problems hdseendiscussedabove and sometimes results in a
solution involving fine-tuning othe analysis parametergWe do notconsider software
bugs in this category.) It iall too easy to propose this as a solutioneirery case.
However, when sucliine-tuning begins toexceed the limits of reasonable physical
principles, other solutions should be examined. Fine-tuning is not a solutioe dther
two categories and often theal probleminvolves determiningthe exactcause of the
disagreement.The solution to problems witlthe analysis codenay involve investigation
of other codes which might have different areas of optimal application.

Problems withthe gamma-ray measuremearbcess usuallynvolve gamma-ray
spectroscopy practices. The old saying, “You can’t make a silk purse osbofsaear,”
certainly applieswhen consideringhe source of disagreement between measured and
standard values. You must have high-quality data to get high-quality results.

a. Improper Filtering. Toolittle filtering will result in intense low-energy
gamma-ray peaks (especiafAm at 59.5 keV) that will pile up and sum with other peaks
providing spectral distortion and interferences, which may cause biases.

b. Improper Count Rates. Count rateshat aretoo high cause spectral
distortions and pile up and summing peaks, which mayth&analysis. Countatesthat
are toolow may result inpeaks so weathat theanalysis algorithméail or the statistical
precision is unacceptably poor.

c. Poor Quality Detector. The detector quality is the most importaement
of a goodmeasuremensystem. Excessive exposure to neutrondll slowly degrade
detectorperformance. The resulting increase in peakidths anddegradation of peak
shapes may bias the peak-area determinations in the analysis software.

d. Unanticipated Isotope Interferences. The analysis algorithms in
plutonium isotopic analysis software may not adapt to interfering gamma-ray thatkse
not considered in the analysis.

The thirdclass of problems involves errors oncertainties in determining the
“standard” or certifiedralue. The valuesfrom the analyticallaboratory must always be
critically examined. The existence of a qualitpssurance program ithe analytical
laboratory is a necessary, but not a sufficient condition to guarantee gtatidards. We
have found that we must consider the following factors.

e. Source of Values for?*®Pu. The ***Pu isotopic fraction may be
determined in the analytic laboratory bgass spectrometry or radiochemistry. One
potential problenwith massspectrometnyfor 2°Pu is contamination of the small sample
(often nanograms) with environmenfdfU, which will register as’*®Pu and bias the
measurement high. This may be a problem émylow-burnupplutonium with very low
levels of*®%u (in the 0.01% range).

f. Am-241 Separation. In a similar fashiod*Am, which is always present

in plutonium, will interfere withthe determination of**Pu. Procedures for preparing the
samplefor massspectrometry of plutonium includechemicalseparation step to remove
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the americium from the plutonium. If this separation is incompleté#ha value may be
biased high.

g. Units of Reported Results. This is a rather mundane question but is
noted here because this auth@s been victimized byit. Americium-241 is usually
reported by thenalyticallaboratory as a fraction of the samplealyzed. Sometimes the
reporting unit is ppm (parts per million). If this is the only unit reported, the user must ask
the question “Parts pemillion of WHAT?” If the samplewvas submitted as PuQis the
result with respect to plutonium or P40 The difference is aboa®2%. Nondestructive
isotopic analysis measurements usually refi&xm with respect to elemental plutonium.

Conclusions

Standardglay an important role in the isotopamalysis of plutonium byamma-
ray spectrometry even thoudjie basic technique is one of tlesv NDA techniqueshat
does not require calibration with standards.

The primary use of standards with this technique is to provide reference values for
comparison and testing against tN®A results, tovalidate the techniquéor MC&A
purposesand to provide calibration materidisr mass spectrometers for production of
working standards for NDA.
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B. Uranium Enrichment Measurements

1. MeasurementPrinciples. The radioactivé**U isotope decays bgipha
emission toexcited levels of*'Th, which in turnemit gammarays of various energies.
The most prominengamma lineobserved hathe energy ofil85.7 keV. Ifthe uranium
sample islarge, gammarays originating from?**U atoms deep inside the sample are
completely absorbed and do not contribute togdi@ma radiatiombserved athe sample
surface. Thuswith increasing sample thickneslse 186-keV gamma-raflux at the
surface reaches an equilibrium value, which is almost independére physicaform of
the sample. For pure uranium compounds this value is proportiotha¥5U enrichment
of the sample: generallgnly small correctiondor chemical composition have to be
applied. This non-intuitive result iknown asthe “enrichment meterprinciple. Its
appropriate application requires that the sample be thick enough to be impeffietraBi
keV gamma radiation.

The gamma-spectrometric determination of & enrichment of bulk samples
requires an exact measurement of the number of 186-keV plestotisdfrom the sample
per unittime for afixed counting geometry. Thereforall measurement parameterst
affect theobserved countingate must be carefully controlled and corrected. Crucial
measurement parameters of this gamma-spectroscopic enricassayttechnique are
shown schematically in Fig. 6.
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Fig. 6. Parameters affecting the accuracy of gamma-ray-spectroscopfé®U
enrichment measurements based on the “enrichment meter” principle.

The relation between tH&U enrichmen€, and the net peak countimgte N, of
186-keV photons, observedith a gamma-ray detector is influenced by méamtors, as
shown in Eq. 4K is given in %):

4’U'T]/2. 1

«CMa+ “wa+ eI« Cint , (4)
£n2-P186 FeQec¢

Es =100 ¢« Nigs *

where
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Nigs observed net peak counting rate of 186-keV photons,

o = photon attenuation cross section at 186 keV for uranium,

T,, = half-life of U,

P.gs = branching ratio of 186-keV photons,

F = collimator cross section,

Q = solid angle formed by collimator and detector,

€ = intrinsic detector efficiency,

“Ma = correction for gamma attenuation in sample matrix materials,

“Wa = correction for gamma attenuation in sample container wall,

°El = correction for counting rate losses caused by counting electronics, and
“Int = correction for interference due to photons from isotopes othef*fhian

A detailed discussion of this equation can be found in Ref. 1.

2. Physical Criteria for Standards. An enrichment standarthas the
following requirements:

* The samplemust be “quasi-infinitely” thickfor 186-keV gammaays. This
condition inherently restricts the method to relatively theaimples. This is
discussed below.

« The sample must be uniform with respect*® enrichment. When mixtures
of differently enriched materials a@ssayedthe sample materiatnust be
carefully homogenized prior to the measurement.

* The container wall thickness must be reasonably thithaothe correction for
attenuation in the wall is relatively small. If the container wathisk, then the
gamma attenuation correction must be experimentally determined.

3. The “guasi-infinite” Sample Size. Enrichment measuremenising
the “enrichment meter” principle will give accuratesults only ifthe sample is sufficiently
thick to be opaque for 186-keV gamma rays. For a uniform sample the minimum thickness
required for99.9% ofthe infinite-thicknessresponse iggiven in Table Ill. (valid for
extremely narrow collimators).

The actual thickness of sample needed is lesstitiaashown inTablelll. This is
explained as follows. In aactualmeasurement, eollimator of finite geometryvould be
used toachieve adequateesults in a reasonable counting tim&he transmission of
photons (through the sample) that are viewed by the detector is described by the mean-free-
path length througlthe sample. Because the mean-free-path length is actually an average
over many directions and only one directithrough the sample) is applicable in a
detector-collimator measurementfatlows that the sampléhickness required ismaller
than the linear samplthickness as given ifable Ill. For most collimator-detector
arrangements, aestimate of the “quasi-infinite” samptimension can be defined and
calculated. This is represented graphically in Fig. 7.
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Table llI

Linear Sample Dimension Required for 99.9% Gamma Response

PSS

Uranium Compound Mass Attenuation Sample Density Sample Thickn
coef. (cm.g?) (9.cn®) (cm)
U metal 1.47 19.0 0.25
uo, 1.31 1.0 5.27
2.0 2.64
11.0 0.48
U;0, 1.27 1.0 5.44
2.0 2.72
8.3 0.66
UF; 1.03 1.0 6.71
4.7 1.43
Uranyl nitrate 0.77 1.0 8.97
2.8 3.20
L— L I B T T T
1000 ‘.f_‘__-
4 Fig. 7. “Approximate-minimum”
U,0, sample mass required for
4 99.9% of the infinite response for

1 i i i 1 L [ 5 i

4 of the sample diameter.

approximate minmum sample mass (g LJ]EI;]

Z 4 6 8 © U
sample diameter . o]

i

a cylindrical sample as afunction

For 7-cm-diametesamplesthe approximate minimumalues of the samplmass
for UO, and UQ, powders are

M, = 20259
M, = 209.7 g

The CRM EC-NRM-171/NBL-SRM-969 is based on this calculation with 200 g of

for YO, powder.

for UQpowder and

U,O, in eachstandard, with @ample height of 2m. This is taminimize the amount of

SNM requir

ed.
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4. Preparation and Examples of Standards. Two sets ofenrichment
standards should beentioned: one is th&C-NRM-171/NBS-SRM-969, which was
jointly certified by theCBNM" in Geel, Belgiumand by the UNBS." This set is very
well documented. The only unfortunate aspect is that the enrichment rangesOfi@g#h to
4.5%, which isadequate onlyor the low-enrichment fuetycle. We have been tottat
IRMM and NBL are preparing additionatandards with higher enrichmentfetails of
this CRM are discussed in Chapter IV and will not be repeated here.

Thesecond is a of WRMs &ios Alamos. This set has 19 1-kg cansu@nium
oxide with 12 enrichments between normal and 91 at.% that were acquired over a period of
many years. They were packaged in various containers; isotopic ratios and uranium
fractions were only routinely determined abdsed on a single sample. 1885, the
Safeguards Assay group repackaged and recharacterized these 19 uranium oxidé samples.

Of the 19 WRMs, seven were found to be homogeneousande called primary
enrichment standards. Even though the oxides were blended previously, some were found
to be isotopically inhomogeneous. To assure sample homogeneity, dissbéiogide in
solution and precipitation, aswas done withthe CRM EC-NRM-171/NBS-SRM-969,
should bepart of the fabricationprocedure. Wewill describe the sampling and
characterization of these standards.

From each of the 19-kg lots of uranium oxide, six 2-g samples caflestedfrom
different parts of the oxide. Qe six samplesthree wereanalyzed byLos Alamos, two
were submitted tahe DOE’'sNBL for similar analysesand one samplevas put into
archival storage for possible future analyses. The most important analyssoigs# the
isotopic distribution; the uranium fraction is skecondary importance.The isotopic
distributions and other important parametershefseven primary standar@se shown in
Table IV.

Table IV
Parameters of Primary Enrichment Standards at Los Alamos

Standard ID 32U Std. Dev. U mass Approx. Oxide | Approx. Oxide

(at.%) * @) Depth (cm) Density(g/ct
UISO-91 91.419 0.011 990 7.7 1.7
UISO-66 66.317 0.032 990 5.6 2.3
UISO-52 52.426 0.004 989 5.8 2.2
UISO-38 37.848 0.015 991 6.0 2.1
UISO-13 13.098 0.008 991 5.4 2.4
Al1-324-1 10.202 0.003 987 4.6 2.8
Al-324-2 10.200 0.001 987 4.1 3.1

PThe Central Bureau of Nuclear Measurements (CBNM) in Geel, Belgium, has changed its name to the
Institute of Reference Materials and Measurements (IRMM). The US National Bureau of Standards (NBS)
has changed its name to the National Institute of Standards and Technology (NIST). The agent that sells
the CRM standards for NIST is the New Brunswick Laboratory (NBL) at Argonne, lllinois.
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These seven uranium oxide standasgsnthe rangefrom 91% to 10% and
complementvery well the CRM EC-NRM-171/NBS-SRM-969 set. Tgerform
enrichment measurements over a wide enrichmagrge, both sets of standards should be
used.

References
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C. Solutions

1. MeasurementPrinciples. SolutionscontainingSNM are idealsamples
for NDA because they are usually uniform and can be tailored to the assay technique by the
selection of appropriateials. There are three different methods agsaying solution
samples:

«  transmission-corrected passive counting®df) and***Pu gamma-ray peaks
using the solution assay instrument (SAIl) in near-field geometry,

»  x-ray fluorescence (XRF), and

* the K-edge absorption densitometry (KED) techniquéetails of these
techniques can bdound in Passive NondestructivéAssay of Nuclear
Materials *

The SAI typically includes amp-looking detector viewing the entire solution
sample contained in cylindrical samplials! Because solutionare usuallyuniform, the
attenuation correction in the solution can be characterized by a linear attenuation factor. The
attenuation factor can be determined by measuringrdnemission of aexternalsource.

The transmission sourcenay emit gammaays withthe same energy disat of theassay
peak, orthe sourcemay have gammeays withdifferentenergies. Irthe lattercase, the
transmission at energies near the assay peak can be extrapolated or interpolatasistn/the
peak energy. If this is done correctly, attenuation corrections accurate to 0.1% to 0.2% can
be achieved over a wide concentratiamge. Rate-loss correctiondye to varying
countingrates,are determined by monitoringsaurce {°*°Cd) fixed to thedetector. The
unique aspect of the SAI techniquetigat because the detector Vviiwing the entire
solution, one can actually determine the mas$°of and?**Pu in thesample, not just the
concentration. By combining the SAl measurement and the weight e&tigle, one can
determine thenass of***U and?**Pu per gram oBample. Because the SAI technique
involves monitoringhe counting rate of thpassive signals fror™U and**°Pu and it
constitutes an absolute measuremethte calibration factor should be checked
approximately every six months with standards.

The XRF technique is substantially different froifme SAIl technique. Instead of
counting thepassivegammarays fromuranium and plutoniunthe x-raysinduced in the
sample by an external excitatisourceare measured. The excitationsourcecan come
from either a preselected radionuclide or cantinuous-energy x-ray generator.
Transmission corrections fahe XRF technique are more complicated because of the
excitation andsubsequende-excitation byx-ray emission. Firstpne musidetermine the
attenuation of themission fromthe excitationrsource(gamma ray oix-ray) interrogating
the solution. Second, one must also determine the attenuatlmefays emerging from
the solution, which are lower in energy. The problem of the attenuation at trenénges
is further complicated by the fact that they are abovebaholv the absorption edge of the
element ofinterest, sosimple interpolation of transmissiatoes not providehe correct
result. Rate-lossorrections required because of variable count rates are measured by
monitoring a rate-loss source mounted closeth® detector. The XRF technique
constitutes an absolute measurement of the elemental uranium and plutonium concentrations
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in thesample. Thereforghe calibrationshould bechecked every several months with
WRM solution standards.

KED is unique in that it enables one to measure the transmission through a solution
both above and beloihe KED of the element dhterestt One carthen determine the
concentrations of theslementfrom the ratio of the measurettansmissions. The
transmission sourcean either be a radionuclide selecfed its gamma-ray emission
energy, or itcan be aontinuous-energy x-ray generatdvlost KED analyses performed
in nuclear facilities use an x-ray generator as the excitabarce. X-ray-generator based
KED has several distinct advantages; one advantagthdas no rateloss correction is
necessary because transmissions above and bblewabsorption edgeare measured
concurrently. Thesevo transmissionsan beused todetermine uranium and plutonium
concentrations simultaneously withazitemicalseparation (within aertain concentration
range). The typical KED detector is side-looking detector measuririge transmission
through a solution sample contained in a rectangular, optical absorption vial. In contrast to
SAl andXRF, KED involves a measurement tife ratio of thetransmissions through a
solution over a narrow energgnge,typically afew keV apart. Therefore the calibration
factor should be relatively stable. We have evidence that the same calibration factor can be
valid for up to several years.

2. Preparation of Standards. Solution WRMs are relatively easy to
prepare, in principle, however, there are several practical considerations.

First, solution standard®iave a relativelyshort shelf life, forseveralreasons.
Plutonium solutiondave relativelyhigh radiation-emission rates and therefore radiolysis
rapidly becomes a significant problem, especially at higher concentrations. Because of the
radiolysis, plutonium solution samples cannot be sedigttly. The shelf life of a
plutonium solutionstandardj.e., the stability of the measured plutonium concentration,
depends orthe burnup characteristics of thelutonium. Typically one cannotrust the
plutonium concentration after its determination if §oédution is more thatwo weeksold.
Uranium solutions have relatively low radiation emission rates and therefore have a longer
shelflife; the shelf life of uraniumsolutions dependesritically on thecontainer. If the
container isplastic,then thelow-Z part of the matrix of the WRMtypically nitric acid)
tends to diffuse out ahe vial, thereby increasing the uranium concentratidimis is not
serious forthe SAltechnique, in which one is measurithg total 2°U and?**Pu in the
sample; a concentration change only affects the calibration in the corfaction which is
a second order effect. Howevenncentration changes directly affect the calibrations of
both the XRF and KED techniques. thie uraniumWRM is contained in ajlassampoule
that is flamesealed,the solution concentration is stabler an extended period ofime
(months to years). If the vial is glass with a glass stogpen, it is critical that the vial is
properly sealed. The sealant material fordhassvials must be investigatdar its ability
to prevent evaporation and for its resistance to nitric acid.

All three NDA techniques are capable of measurement.2% precision if
sufficient attention is devoted to the details of theasurementthe calculation of the
correction factors, and the preparation of standards. Let us consider the preparation of a set
of uranium standards with concentrations varying flom to high. By usinghe factor
discussed in Chapter V of this report, the uncertainty of the standards shoulatctoe af
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5 lower than the required precision, or 0.05%he preparation of accurate WRMstlais
level of precision is approaching the limits of standard chemical methods.

There ardwo methods of preparing a set of solutdfRMs with concentrations
varying from low to high. Thefirst method is to prepare a master solutiorthef highest
concentration and then determine the concentration of the nsadt#ion by means of
standardchemical analysis techniqueghe lower concentrationstandardscan then be
prepared by diluting the mastsolution. The second method is to prepaeach WRM
directly and characterize the concentration of aA&M independently by DA techniques.
Both methods have their strengths and weaknesses. It is easier to prepare a set of solution
WRMs that are internally consistent with each other by therfieghod, buthe bias of the
whole set ofthe lower-concentration (diluted)/RM standards dependseavily on the
characterization of the mastsolution. WRM standards prepared lilje secondmethod
have potentially more randorarror, but they are not subject to theias of the
characterization of one solution.

3. Dilution. To prepare standards of loweoncentration from a master
solution, onecanusedilution on either a weightmass) basis or wlumetricbasis. The
following exampleprovidesdetails of a typical dilution method that limsed on weight
measurements: a technique that, in general, is more forgiving than volumetric dilution.

Weigh the mixing container (MC) W,
For the desired nominal standard concentration, deliver

the required volum¥,, of master solution to MC

Weigh MC and master solution w,
Deliver dilutant to MC to give the required volume,

V.., of mixed solution.

Weigh MC + master solution + dilutant W,
Cap and seal MC and mix well

Weigh empty standard vial (SV) A
Deliver contents of MC, as completely as possible, to SV
Weigh SV + standard solution w,
Weigh MC + residual solution w

oo

o o

i o (o B B ¢))

5

Assumethat the uranium concentration of the maselution isr,, = g Ul/g
solution. This quantity has to be determined by acceptable chemical methods.

Volume of standard ¥, =V,_* (1 - W, - wy)/(w, - w,) )

Concentration of the sampleRs = (w, - w,) * r,/V,,

Grams of uranium per g of sample = (w, - wy)/(w, - w,) * r,,

The traceability of the WRM is the uranium concentration of the master sohytion,

which should bedetermined by accepted chemicakthods. Thismportant chemical
analysis should beerified by assaying approprial€RM standards provided by NBL or
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CBNM. The balance used for weight (mass) determinations should be verifield ISith
traceable weights. Notice that the determination of the uranium concentrationeotite
set of standards depentieavily on onechemical determination, namely the uranium
concentration of the master solutiop, If this chemical analysis has a bias, tkies entire
set of solutions has the same bias. However, it is easier to produnteraally consistent
set of WRM solution standards by this method.

Dilutions from a master solution of approximately one order of magnitude are
acceptable by this method. For example, starting with a 300-g U/l master solution, one can
prepare a 30-g U/l standard, or even a 10-g U/l standard. To prepare WRM standards with
uranium concentrations less than 10 g U/l, one should prepare another master solution with
a lower uranium concentration and propestaracterizet. The mainreason for this is to
avoid the potentially higher (8.5%) error in weighing asmall volume (afew mL) of
master solution in the preparation of diluted solutions.

4. General Comments. All threeNDA techniques are capable mfoducing
assays at grecision of0.2% if sufficient attention is devoted to the details of the
measurement and tlealculation of the correctiofactors. In factNDA methods can be
used tocheck theconsistency of a set of standards iwvegification measurement. The
KED method,because of the long-term stability of calibratstandardscan readily be
used tocharacterize uranium or plutoniusolutions for use a¥VRM standards, thus
saving considerable time and effort.

Reference
1. D. Reilly, N. Ensslin, H. Smith, Jr., and S. Kreiner, eBassive Nondestructive

Assay ofNuclearMaterials (Office of Nuclear RegulatoriResearch, USNuclear
Regulatory Commission, Washington, DC, 1991), NUREG/CR-5550.
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D. Segmented Gamma Scanning

1. Introduction. SGS is anNDA techniquedesigned to usegamma-ray
assay to quantitatively determine SNM in low-density scrap and waste samples. It is based
on the observation that the SNM waste in facilities is usually layered in containers wherein
the horizontal inhomogeneity iess pronouncethan the verticainhomogeneity. The
vertical inhomogeneity effect can be overcomeasgayingthe sample insegments by
means of a collimated gamma ray detect®he effect of horizontal inhomogeneity can be
minimized by rotation of the sample during the assay.

Gamma-ray assay can be described by the following expression:

TCR=RR* CF(RL)* CF(AT) , (5)

where TCR total corrected rate,
RR raw rate of data acquisition,
CF(RL)= correction factor for rate-related electronic losses, and
CF(AT)= correction factor for self-attenuation in sample.

If the correction factors arproperly defined and computedCR is the data
acquisition rate that would have been observed if there weetectmoniclossesand if the
sample were changed to a pointlioe source withthe same gamma-ramissionrate but
no self-attenuation. TCR is proportional to the mass of the isetofiéng the gamma ray
of interest:

TCR=K*M (6)

whereM is themass ofthe isotope beingssayed an# is the calibratiorconstant. The
calibration constarK is determined by the use of appropriate standards and it includes the
effects of detector efficiency, subtended solid angle,taadjamma-ragmission rate. In
SGS, each segment is measured individually and after all segments are measti@isthe

for all segments are summed as follows:

TCR =RR * CF(RL) * CF,(AT)

The basic assumption of tI8GS method is that th&NM is uniformlydistributed
within each segment and that the attenuation of the entire segment can be characterized by a
single experimentatansmission measurement becathgeattenuation factaCF,(AT) can
be described mathematicdliy terms of aransmission. Thesemathematical calculations
of CF,(AT) are valid only if the horizontal inhomogeneity is relatively small.

The following is a discussion ofthe requirements ofSGS standards. The
calibration factor should be known better than the precision and bias of the instrument by a
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factor of 2 to 5; at this level the contribution of the uncertainty in the calibration factor to the
overall assay precision and bias will tetatively small. In generalthe precision of SGS
assays is ~ 1%nd thebias is ~ 10% for low-densitwaste. Therefore the calibration
constant foISGS should be knowwith a precision of <0.5% and a bias of <%. In
general,the requirementfor physical andchemical similarity between standards and
unknowns isnot important. However, several factors affect the measurement and are
important for preparation of a standard:

» Uniformity of standard material,
* Transmission range,

* End effect considerations, and
» Particle size.

2. Uniformity. The idealSGS standard would be kne sourcethat has a
range of source strengths with no self-attenuation, naiiire did not providesuch a
standard. The best onecan prepare is atandard with a uniform distribution &NM.
Uniformity is important for the calculation of the self-attenuation correction factor
CF(AT)! Reference 1 givesdetaileddescription of calculations cEF(AT) factors for
slab, cylindrical, and spherical samples provided SNM is uniformly distributed in the
sample. Thus for a uniform sampleF(AT) can be calculate@F(RL) can be determined
experimentally and then one can calculate the calibration coKstam Eq. 6.

The uniformity of the distribution o6NM in a standarccan be determined by
comparing the measured TCR from segment to segment.

TCR =RR * CF(RL)* CF,(AT)

If the TCR for the main portion of the standard does not vary more 10&& from
the averagethen the distribution can be considered taub#orm. The TCR at the end
segment of thestandard willdrop to a lowvalue or to zero in amooth manner. An
example of thelT CR distribution of anSGS can standard withacceptableuniformity is
shown in Fig. 8.

3. Transmission The transmission of the gamma rays from a standard should
be in a reasonable range. As an illustration of this requirement, consider the expression for
CF(AT)for the far-field assay of a box-shaped samglae attenuation correction can be
expressed as follows:

CF(AT)= - In(M/(1-T) ,
o(CF) = ((1-T+TnT)/(1-T)%) * a(T)
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Fig. 8. Uniformity test of SGS can standard. Thecollimator width was 1.27 cm and

the scanning step was 0.635 cm.

The 414-keV gamma-ray peak was useddaiermine
the »*°Pu content in each segment.

As the transmission becomes very small Gkdbecomes large and tleeror of the
correction also becomes very large. In generatrdmesmission othe standard should be
greater thari0% sothat theassay precisionvill be acceptable in aasonable counting
time.

Standards for SGare fabricatedwith diatomaceous eart(DE) or graphite as
typical diluents. Table V lists the transmission through 1 cm of DE or graphite at the
commonassay energies @GS, assumingthe density of DE to b@.26 g/mL and the
density of graphite to be 1.0 g/mL.

For transmission of 10% dnigher at the uraniunassay energy of 186 keV,
graphite diluent must be less than 18 cm thick and DEhess70 cnthick. Therefore in
preparing a 200-I drum standard, DE would be a better diluent than graphite.

Table V
Transmission of Gamma Rays Through 1 cm of Matrix
Energy (keV) DE DE Graphite Graphite
Un(cn?g) Transmission U (cm?g) Transmission
129 0.1430 0.9635 0.1382 0.8709
186 0.1256 0.9679 0.1246 0.8828
279 0.1098 0.9721 0.1090 0.8967
414 0.09381 0.9759 0.09367 0.9106
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The above calculatiohas onlytaken into account the attenuation of the matrix
materials. Inactualstandardsespecially thenigh-mass standard#)e attenuation of the
assaygammarays inthe SNM should also be included. the plutoniumstandard is
intendedfor an SGSsystem with a‘lump correction,” thenthe standard should be
calibrated for all the assay energies: 129, 279, and 414 keV.

4 . End Effects We mentioned thahe value ofTCR would drop toward the
ends of the standard. #te “end”segments thermay besome SNMmixed with diluent
but not a full complement of SNM. In SGS systems, the transmission sowakmsted
and only a narrovbeam will shine throughthe segment. In thisend” segment, the
transmission source will sometimes shine throthgfSNM but sometimes willmiss the
SNM. The measured transmission will be higher and therefore the correction factor will be
lower than is necessary to corréicé attenuation withirthis segment. Thushe “end
effects” tend to bias the assay in the negative direction.

There areways of correctingfor “end effects”. generate the correction factor by
using the transmission of neighboring segments where the segriiked iwith SNM and
diluent.

For SGS systemsot equipped withthe “end effect’correction,the requirements
for the standardare that thenumber of segmentled with SNM anddiluent be large
compared to the ersegments.Nominally this ratioshould be > 10 teeduce théias to
the < 5% level. This means the SGS standard should be tall and thin.

5. Particle Size Figure 9 is a graph ofthe calculated gamma-raself-
attenuatiorfor individual particles as a function phrticle siz& and givesthe fraction of
gamma rays escaping unscattered and unabsorbed from spherical sdabtes.VIgives
the gamma-ray leakage fractiorom plutonium oxide particles of different sizesfaiir
relevant gamma-ray energies.

Transmission

0.368
0.135
0.050
0.018

Fig. 9. Fractions of
gamma rays escaping
unscattered and unab-
sorbed from spherical
gamma-ray-emitting par-
ticles as a function of
U,pD, where u, is the
mass attenuation coeffi-
cient of the particles at
the energy of interest, p
is the density of the
particle, and D is the
diameter of the particle.
Coherent scattering has
been neglected.

-4 0.0067
-4 0.0025
-4 0.00091
- 0.00034
- 0.0002
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Table VI
Gamma-Ray Leakage Fraction from Plutonium Oxide Particles of
Different Sizes, at Various Energies

Energy (keV) 129 203 345 413

U, (cné/g) 3.72 1.26 0.386 0.268
Particle Size Mesh Size

(microns)

150 100 0.818 0.932 0.978 0.985
106 140 0.866 0.952 0.985 0.989
90 170 0.885 0.958 0.987 0.991
75 200 0.902 0.965 0.989 0.992
53 270 0.929 0.975 0.992 0.994
38 400 0.949 0.982 0.994 0.996
20 0.972 0.990 0.997 0.998
5 0.993 0.997 0.999 1.000

The patrticle size can be determined by using an optical microscopgusp@nsion
technique. Fig. 10 showsthe particledistribution of one batch of high-fired plutonium
oxide at Los Alamo3. The majority of the particles atessthan 50 microns in diameter.

We also found that the oxide could only pass through a 100 to 120 mesh sieve, and it is our
opinion that the oxide particles are small but they tend to agglomerate into large clumps.
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Fig. 10. Particle size distribution of high-fired plutonium oxide.
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6. Typical Examples of SGS Standards

Can Standard. We have prepared several sets of SGS plutonium can stafidards.
Thesestandardsare contained in weldestainless steel containers (inremn diameter of
9.54 cm and height of 27.30 cm; outer can diameter of 9.995 cm and heikfhB8afcm).

The mass ranges from ~ 10 g to 240 g2%Pu. After the standards were made, a
consistency checkvas performed among these standards #mresults are shown in

Fig. 11. Wefound that the calibration generatédm these standards agreed0td 3%,
indicating a high degree of consistency amtimgstandards from 10 g to 240 g. This
showsthat for NDA systems such aSGS, where the calibration is aconstant, it is
possible to use only one standard for calibrationpréctice it is desirable to hateo to

four standards, whereas in systems whbee calibration is not @onstant,many more
standardsnay beneeded. It is alsbue thatwith systems such abe SGS, low-mass
standards are not necessary because counting statistics of low-mass standards are poor with
normal counting time, and therefore they do not improve the accuracy of the calibration.

The SGS drum standards are discussed in detail in Chapter IV.
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Fig. 11. Total corrected counts per gram of*Pu for can SGS standards from
10g to 240 g.
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[1. OVERVIEW: NEUTRON AND CALORIMETER MEASUREMENTS
A. Neutron Techniques
1. Bulk Measurements of Uranium and Plutonium Masses

a. Thermal Neutron Coincidence Counting.”™  Thermal neutron
coincidence counterSTNCCs) are usedextensivelyfor NDA of bulk nuclear material.
They use®He proportional counters moderated by polyethyleri@ast neutrons from the
sample areslowed inthe polyethylene and captured in thée. TNCCs are useful
primarily because fasteutronspenetrate the sample well and because time-correlated
neutrons are directly related to tfigsion process and thus tlee nuclear materialontent.
Special pulse-processing electronics enable discrimination of time-corneéatedns from
random neutronpulses. TNCCsare used in passivemode to assay the even,
spontaneously fissioning isotopes of plutoniuifiRu, *°Pu, and ?*Pu) and in active
mode toassay induced-fissionabigotopes primarily *°U, in bulk samples. In passive
mode, noexternal neutrorsourcesare required. Inactive mode, AmLi sources are
typically used to induce fissions 3fU.

PassiveModefor Plutonium Passive TNCCare well suitedor measuring dense
plutonium-bearing materials, such as pometalandoxide, over a wideéange ofmasses.
Precision andaccuracy are much bettéor pure materials tharfor scrap. Forpure
plutoniumoxide, there aretwo primary sources of neutrons and one secondamyrce.
The two primary sources agpontaneous fission arfd,n) reactions. Severadlutonium
isotopesdecay by prolific emission of alphagarticles, some of which undergo reactions
with oxygen to produce singleeutrons. The secondary source of neutronspinitonium
oxide is fast-neutron inducefission, occurring inall plutonium isotopes. Forpure
plutonium metal, theao(,n) neutron source is zero because thé absence ofow-Z
elements.

For plutoniumscrap,all threesources of neutrorsxist as with plutonium oxide;
however,the (@,n) component is calculabker pure oxide,but not forscrap, unless an
impurity analysis is available. Table VII below summarizes primary and secondary neutron
sources and their origins for plutonium metal, oxide, and scrap.

Table VII
Neutron Sources from
Plutonium Metal, Oxide, and Scrap

Spontaneous Fission| Induced Fission @,n) Reactions
Pure Metal BEpy, 24Py, Z8py throught*?Pu none
and*?Pu
Pure Oxide BEpy, 24Py, Z8py throught*?Pu oxygen
and®?Pu
Impure Oxide =38py, %Py, 2%y throught*Pu | oxygen plus other low-2
and Scrap and®?Pu impurities, e.g., fluorine
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For passive assay @lutonium materialdased on conventionghermal neutron
coincidence counting, calibration is performed by using standards to determine a curve with
the real coincidence count ré®eplottedversusthe *°Pu (effective)mass.?*°Pu(effective)
mass contains contributions froifiPu and?*?Pu: it isthe mass of*°Pu thatwould give
the same coincidence response as that obtaineddiidire even plutoniunmisotopes in the
sample.

If there were no induced fission in the sample, the calibration curiRevefsus the
2%y (effective)mass would bdinear and preparation aftandards would beelatively
simple. The effects of variations in impurities, geometry, and densityd berelatively
unimportant. Howeverthe existence of inducefission (multiplication) in the sample
causes these effects to mportant considerations in preparirggandards for and
calibrating TNCCs.

Figure 12 shows twacalibration curves for a set of purglutonium oxide
standards. The upper R curve is uncorrected. The lower curve is corrected for
multiplication using amethod describetielow. The lower curve contains contributions
from spontaneous fission only.
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15000 . : .
- / Fig. 12. Calibration curves for
S O Reals passive  neutron coincidence
o 3) VG Real 2/ nchced counting of pure plutonium ox-
g s FissiVQ’g ide. Upper curve is the real co-
o 10000 d incidence count rate (Reals) ver-
8 //Z] o sus the 2*Pu effective mass.
> o Lower curve (MC Reals) is cor-
= /6’ rected for induced fission or mul-
@ tiplication.
& 5500 g/ Spgntaneous
/Q/V Fisgion
)J
0 J
0 50 100 150

240p ) effective (9)

Fissionsmay be induced in thitem to beassayed by primary neutrobsrn in
spontaneous fission and () reactions or by secondary neutrons from otimeluced
fissions. For agiven mass of**®Pu (effective),the number of inducedissions, and
therefore the contribution tR, depends ono(,n) reactions in the sample aradso on
plutonium isotopic composition, geometry, and density. The self-multiplicatithe gém
(ratio of primaryplus secondary tprimary neutrons) increases with plutoniunass and
density.

For pure plutonium oxide, or impure plutonium oxide with known impuritrese
are threesources of neutrongyut the ratio of @,n) to spontaneous fissioneutron
production(a) is known. Therefore, ithis casethere aretwo unknown sources of
neutrons and two measured parameiRemdT. Solving theséwo equations results in a
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“multiplication-corrected”R that is used forcalibration andassay. This “known-a”
method is preferable tthe uncorrected? calibrationfor pure materials orfor impure
materials with known impurities because variationR @ue to variations in induced fission
are removed. The upper curve of Fig. 12 contains these variations. Precision is improved
with the “known-a” method because botR and T are used inthe analysis,and the
measurement off is more precise thaR For most impure plutoniutmaterialsfor assay,
however, impurity levels areunknown and the method is usually restricted to pure
materials (metal and oxide). In cases where geometry and density are donsiasdt of
impure items, a calibration of multiplicatidn versus®*®Pu (effective) mass can bsed to
eliminate one of the thraegnknown sources of neutrons. Thighe “known-M” method
and is useful in some cases.

Guidelines for Standards Preparation

» As with all NDA methods, standards must span the mass rarte aéms for
passive TNCC assays uncorrected for sample self-multiplication, where three to
five standards are recommended. #ar“known-a” calibration, in principle,
only one or two standards are required to detfweelinear calibration.For the
“known-M" calibration, approximately fivestandardsare necessary to define
the relationship between item self-multiplication df¥lu (effective) mass.

* In preparing bulk plutonium standarfts conventional, passive TNC&ssay,
it is crucial to accurately characterize thewth regard to low-Zimpurity
analyses.

* To minimize measuremettias for puremetal oroxide, standards should be
free of low-Z impurities. For pure materialghe “known-a” assaymethod is
preferred because it is insensitive to parametetsaffect inducedission, i.e.,
plutonium composition, geometry, amnsity. Thereforethe standard set
need not be uniform with respect to these parameters.

» For impure materials, concentrations of low-Z impurities tive standards
should bethe same afor the unknownsbecause théwvo measuredjuantities
used for assay inonventional thermaheutron coincidenceounting, the total
neutron countate T and thereal coincidence count rat, both depend on
(a,n) neutron emission.

* Forimpure materials to bassayed by passivENCCSs, the standards should
represent theunknowns with regard to low-Z impurities, plutonium
composition, geometry, and densitfhesefour factorsaffect inducedission
and can introduce biasesRandT.

* TNCC standards should nobntain matrix orpackaging,e.g., hydrogenous
materials,that significantly change the averageergy ofemitted neutrons.
TNCCs count low-energy neutronafter energy degradation by a neutron
moderator (typically polyethylene)TNCC detectorheadsare designed to be
insensitive to variations oémitted neutron energy. Alternatively, standards
should contain the same moderating materials as the unknowns.

* The use of Monte Carlo simulations can markedly reduce the number of
physical standards required foadequate passive TNCC calibrations.
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Calibration parameters have been determined to an accuracy offer Jre
materials in well-controlled geometries, e.g., reactor fuel assemblies.

Los Alamos Plutonium Oxide Standards

A set of eight plutonium oxidstandards(‘LAO series”), with ~ 16%*°Pu,
ranging in mass from 60 to 870 g of plutonium, vpaspared in 1983 for passiiéNCC.
The LAO series is well-characterized and considered “pure” in terms of low-Z contaminants
and water (<0.5%). The LAO set is well-characterized with regard to plutoniomass,
isotopics, low-Z impurities, and moisturéhe standardsare doubly contained in welded
steel food-pack cans. They have been used successfullglifmation ofpassiveTNCCs
used at Los Alamos, Savannah River, LLNL, Hanford, and RFETS.

Active Mode for Uranium Active TNCCs are well-suitedfor measuring a wide
range of uranium-bearing materiaigjch as HEUmetal, uranium-aluminum plates and
billets, uranium-thorium-carbon beads and pebblg®, Powder, UF, UO,, and reactor
fuel elements. In principle, each of thesaterial categorierequires a separatalibration
using standardthat properly sparthe massrange of contained®®U and are as nearly
identical to the unknowns as possible.

For most applications, single active measurement is madsing AmLi isotopic
neutron sources. AmLi produces neutrons throagh) feactions with an average neutron
energy of ~ 300 keV. The active measurement produces coincidence counts primarily from
induced fission if*U, but a small component of counts from spontaneous fissitfAn
can exist. In some fresh reactor fuel elements, this component is large enough to warrant a
separate passive measurement.

These countergare operated inwo modes: fast and thermal. In fastode,
cadmium lines the sample cavipyoducing an interrogating neutron flalat is free of
neutrons below the cadmium cutoff (~ 0.3 eV). Waddmiumremoved thermalneutrons
are responsible for most of the indudisions in?**U. Fastmode is generally preferred
because of moréhorough sample interrogation and lessened sensitivityth® matrix.
However, inthermalmode, masses as low as 1 g*6t) can be detected ih000 s,
whereas, the 1000-s detection limit for fast mode is 100-206°3Jof

Figure 13 is a fast-modmlibration curvefor uraniumoxide. The data ardoest
fitted using a cubic equation because therehaceregions ofcurvature; the self-shielding
region extending up to ~ 500 g BfU and themuiltiplication regionbeyond. Inthe self-
shielding region, some neutrons are shielded from the interior of the item and cannot induce
fissions. Inthe multiplicationregion, fissile mass igrge enough forinducedfission to
produce more neutrons than are lost in self-shielding. Figure 13 comtaiascalibration
data than is needed to adequately define the curve’s shape. The data below ~ %30 g of
were taken with very long couriimes to obtain adequajgrecision. In practice, the
calibrationwould be used to assdetweenl150 and 900 g.Only afew standards are
required to define the calibration in this range.

Figure 14 is ahermal-mode calibration curder uranium oxidepowder. The
calibration items are the same as in Fig. 13 up to ~ 108°3Jof Note that the coincidence
response isnuch higher(by approximately a factor d25) for thermal mode thaffor the
fast mode.
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Only the self-shielding region is evidentkig. 14. The thermal calibration is not
usually carried beyond 100 g 31U because the curve becomes fiat, introducinglarge

assay errors.

Note the calibratiorshown in Fig. 14 i®nly useful for assaybetween ~ 5 and
30 g. The gap between 25 and 90 g is tage. The complete dataet isshown to
illustrate the self-shielding curvature.
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Guidelines for Standards Preparation

* Generally, for active TNC@ssays, standarasust be as representative of the
unknowns as possible wittegard to?**U density, geometryand matrix
becausaesponse iglirectly related to the inducdiksion rate, whichcan be
influenced byall of these parameters. Ths&atement is especially true for
thermal-modeassaybecause thermaleutron penetration is very weak in most
items of interest andtrongly dependent otine absorbingmaterials present in
the matrix.

» As with passive TNCC assay, the use of Monte Carlo simulations can markedly
reduce the number of physicstandards required for adequatetive TNCC
calibrations. Once a calibration curve shhpsbeen determinetbr a material
type using simulationsthe curve can be tied to a particular detector by
measuring only one or a few physical standards.

Los Alamos Uranium Standards

The UISO series ohigh-quality uranium oxide standardsnsists ofeight items,
all with 990 g of uranium, ranging ianrichment from11%-91%. The standards were
originally to be uranium enrichmestandards,but they also serve aactive TNCC
standards. Calibration measurements of these standards are shown in Figs. 12 and 13.

Another excellenstandard set (“C20 series”) factive TNCC is composed of
93% enriched uranium metal disks: seven with ~ 500 g of uranium and two with ~ 260 g of
uranium. The disks are nickel-plated, well characterized, and quite uniform.

The UISO and C20 standard serieasve beemusedextensively to calibratactive
TNCCs used forinventory verification measurements labs Alamos, SRS, LLNL,
Portsmouth, and ORNL DOE facilities.

b. Thermal Neutron Multiplicity Counting.>®  Thermal neutron
multiplicity counters (TNMCs) are similar in design and construction to TN@@g: both
use polyethylene-moderatéde proportional counters. However, multiplicity counters are
designed tanaximizecounting efficiency. In addition to measuritigg totalcount rateT
(“singles™) andthe real coincidence count ra®e (“doubles”), multiplicity counters also
measure the third moment (“triples”) of the neutroultiplicity distribution. While T and
R are proportional tefficiency and the efficiencgquared, respectivelyhe triples rate is
proportional to the cube of the neutron countafficiency. The desire tanaximize the
precision of the triples measurement leads to high-efficiency detectors.

TNMCs were developed to provide three measured paranfetesissay ofimpure
plutonium-bearing materials. As mentioraeviously,these materials have threeurces

of neutrons to be resolved: spontanedssion, inducedfission and @,n) reactions.

Multiplicity analysis involves solution of three equatidos the singles, doubles, and
triples in the threainknowns toyield the **°U(effective) mass. The effects of variable

multiplication and ¢,n) impurities are removed from the assay.
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Guidelines for Standards Preparation

» Standards foMNMC assayare only required in a few instancesThey are
required to verify proper setting of faw detector parameterssed in the
multiplicity analysis. The concept of generating a calibration curve of
instrumentresponse versu¥U(effective) mass does naipply to TNMC
assay.

« Initial calibration of a TNMC can be done witli°4Cf source alone.However,
in practice, it is best to use a well-characterized pure or impure plutonium oxide
standard to verify detectgrarameters. The calibration can then besed to
assay items with a wide range of impurity concentrations, plutorsatopes,
bulk density, fissile mass, and geometry.
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2. Californium Shuffler

a. Measurement Principles. A shuffler? performs passive andctive
neutron (PAN) assays for fissile materialbhe passive assays f@lutonium aredone in
the same manner as othestruments specially designéal passive assays only, so the
standards for passive assays will not be discussed here.

Active assaysare done on uraniunfor any other fissile material) by repeatedly
irradiating the item with neutrons from*&Cf source and quickly withdrawiniipe source
so that delayedheutronscan becounted. (Delayed neutronsare emitted byfission
fragments seconds to minutes aftdisaion.) Typical assaytimes range from 1@nin. to
16 min., including a 3 or 4min. backgroundtount and 20 to 35 “shuffles” dhe **°Cf
source. Materialsassayed in shuffledsave ranged from milligrams of uraniuwaste to
kilograms of purified uranium. (Reference 2 has illustrations of motstecghufflersbuilt
by Los Alamos.)

Mixtures of uranium and plutonium can be assayed on PAN shufflers by using both
passive and active assays, but this introduces no new demands for stdrashatde two
assays individually, so there will be no further discussion of this case.

A shuffler oftenhas features tbelp characterize the items beiagsayedgcorrect
for matrix effects, andhelp select thgroper calibration standards. Saalled “flux
monitors” can be very helpful in quantifying the amount of hydrogen in a matrix; they are a
standard feature afhufflers for 55-gal. waste drums. Flmonitorsare low-efficiency
neutron detectors. Two are placed near the item: one wrappadrmumand one “bare.”
They detecineutrons duringhe irradiation of thedrum by the *°°Cf source. The bare
detector responds the flux of nearlythermalneutronsthat leave thelrum, and hence to
the amount ohydrogen inthe drum. The cadmium-covered tube lisss affected by the
hydrogen and mainly indicates the strength ofi@f source. The ratio of theesponses
from these two detectors is an indicator of how moderation within the drum is affecting the
delayed neutron coumtate. Hydrogen is vergffective at moderating the energies of
neutrons anaan change the measured count fatea given fissilemass. Acalibration
based on good standards without hydrogam give erroneous results for a drum
containinghydrogen (paper or rubbgtoves),but a correction based ahe flux monitor
response ratio can greatly reduce the error.

The density of thematerial in a container isometimes estimated by the
transmission of°°Cf neutrons througkhe container. Ifthe density ifound to bemuch
larger than thaused inthe calibration, thestandards used ithe calibration may be
inadequate and either the contaiskould berepackaged or aew, more dense standard
developed.

So if a containehas a poorly known matrix, @an bepossible tocharacterize the
hydrogen content, which the singlemost important feature dhe matrix tounderstand.
This would point toward the best calibration standards for the material.

b. Physical Criteria for Standards. In the idealworld, the nature of
standards is very simple: standards are identical in all important respectsagsalgems
and spanthe massrange of the fissile material. Imeality, compromises and
approximations are usually needed.
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Neutrons fromthe **°Cf source musteach thetem beingassayed. Often matrix
material affects neutron transport; the most important matrix element is hydrogen because it
changes the energy of theeutronsmore rapidly than any other element. Neutron
absorbers are only important in the presence of hydrogen because their absorption is strong
only for thermal (or nearly thermal)neutrons. Andeal standard woulchave the same
matrix as the item to be assayed.

Neutrons that reach the item would ideally fldbd volume of thétem uniformly.

For most masses of fissile material the neutron flux is smaller near the center of the volume
because the outer portion absorbs neutrons; tluallesd self-shielding. Andeal standard
would have the same self-shielding as the item to be assayed.

Delayed neutrons from tHession fragments museach the neutron detectmibes
surroundingthe assay chamberThe matrix that affects th&-Cf neutrons isequally
important in this casalso, soagain an ideastandard wouldhave the same matrix as the
item to be assayed.

An ideal standard is stable in composition and form, despite handling or aging.

c. Preparation of Practical Standards. The idealstandardcan be nearly
reached in many cases, but in many others it cannot. Where items to be assagzily
all identical (e.g., uranium-aluminum bill&ts careful physical anchemicalanalysis can
be done on a subset of the items that become the standards.

A standard may have obvious differences withdhgsayitems that are unimportant
to shuffler assay. For example, metals such as iron generally have minor effects (< 1%) on
shuffler assay®ecause they scatteeutrons without changinipe energy spectrum very
much; a standard and assayitem canhave widely different amounts &fuch metals
without greatly affecting the@isefulness othe standard. [Howeveryon mixed with a
moderator(e.g., paper) might have larger effects becalesse-energy neutronsre more
affected by the iron than neutrons with the relatively high-energy spectrun®f@iih

Standards for waste druraselessthan idealbut still adequate.The exact nature
(mass,chemicalcomposition, density, or hydrogenousaterials nearby) of the fissile
material in a waste drum is rarely known and standards are thus only approximations. The
drop in accuracy of assays for these materials is not as serious as it woulliletSanat
will be extruded into fuel assembliés reactorcores. Arelatively largeerror in asmall
waste quantity is still a small quantity. Standards that have been used fohaastaften
been a large number of small capsules, each containing 0.1 to 5 g of urideuwrgnium
density ismade sufficienthlow to makeself-shielding a minoproblem. Usingdifferent
numbers of these capsules leads to calibrations over a wide range of urzasses (from
zero to hundreds of grams).

A lack of nearly ideaktandardsnay force thause ofthe bestavailablestandards
combined with reasoned adjustments thé measurementesults for the differences
between thestandards anthe assay items. Aitric acid solution of uraniumhasbeen
substituted for a hexone solutfan the laboratonfor safety reasons witlittle change in
performance; the minor differences coulddadculatedwith a Monte Carlo code. At the
other extreme, using 5-in.-diameter cans gdjJpowder as standards for assays of thin,
dense reactor fugbins of uranium and plutonium requires a large adjustment to the
measurement based donte Carlo calculationssuch alarge adjustment is likely to
introduce large uncertainties to the final result.
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Where standards are lacking entirely, the calibration results from another shuffler of
the samgor nearly the samejesigncan beused, but some biaxan beexpected. For
example, therare fiveshufflers for 55-gal. drumbuilt from the same blueprint&and a
sixth with nearly the same design). The sang@;lpowder standards were used on two of
theseshufflers andhe results wereapplied to a thirdshuffler where standards were not
available. The main problem in doing this is the uncertainty in the relative emission rates of
the ?°°Cf sources; a source fabricatostated emission rates could easily be in error by
10% or more. So an unknown biasimroduced in the thirashuffler that could be
eliminated if any single item could be measured on this shuffler and either of the other two;
this item would be a working standard that need not be well characterized.

d. Examples of Standards. Table VIII shows the various assayitems
encountered to date by shufflers and phacticalstandards used itonnection withthem.
The list of itemsstarts with those havinipe best standards armutogresses toward those
with the poorest standards.

Table VIII
Assay Items and Shuffler Standards

Assay Item Standard

Uranium-aluminum billets Physically sampled and chemically analyzed billets

Uranium scrap metal Scrap metal of the same type with chemical analysis

Uranium oxide cans Nearly identical cans with chemical analysis of samples

Pellets of Uk Similar pellets with chemical analysis

Baskets of leached hulls Specially prepared baskets with known amounts of fissile matgrials

Flowing liquid waste from spent | Laboratory development: similar solutions that are chemically lgss

fuel reprocessing hazardous and without fission products, with Monte Carlo
simulations to account for differences with the real solutions; knqwn
flow rates

Plant calibration: Specially prepared solutions with known
concentrations of the fissile material and known flow rates

Spent fuel assemblies Simulated spent fuel assemblies using a homogeneous mixtufe of
simulated fissile material and matrix (zirconium oxide)

55-gal. drums of waste in known | 55-gal. drums fabricated with nearly identical matrices and with
categories of matrices known amounts of the same fissile materials

55-gal. drums of waste with poorly 55-gal. drums with simulated waste span the range of expected
known matrices matrices. Features of the shuffler are used to help characterize the
waste and correct the measurement

Assorted inventory items with a | It is impractical to have standards that are very similar to these rpany
wide variety of compositions and | different items. Use a small number of standard types (perhaps pnly
matrices one); fundamental nuclear information or Monte Carlo simulatiors
can be used to estimate the adjustment of the data for the calibrgtion
standards available
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The itemsassayed in shufflerare diverse. All types and amounts of fissile
materials may be encountered and the packaging matrices carybanmportant. It is
impractical to propose a small number of standards that would be adfquateshufflers
and items. But for any one shuffler at a facilitye materials to bassayedtan be placed
into categories sharing the same standards; the smaller the number of categories at a facility,
the simpler the problem with standards.

The simplest case when the shuffler is to assay only onmaterial type(e.qg.,
uranium in liquid waste flowing through a pipe or nearly-identical cans of procegs WO
is practical for a facility to prepare and characterize a small number of standards that closely
match the material to be measured.

The type of material may be limited but the mass range might be extéagvein
uranium-aluminum scrap or billésso in this case a larger number of standards would be
needed to include the expected assay range. An alternative would be to have only one or a
few standards anéxtend the calibration rangeith a Monte Carlo simulation of the
shuffler, using the existing standards to benchmark the calculations.

The type of material may be limited in nature, but diverse in quantity and embedded
in a wide range ofmatrices,waste drumsre anexample. Instead of fabricating a huge
number ofstandards, it is possible fabricate a nhumber ofapsuleseachwith a small
amount of the fissile materials and a number of contawvéhs the various matrices of
interest. By usinglifferent numbers of these fissile-bearing capsules witierassorted
matrices, many different casean be prepared one atirme and a particular case can be
recreated at any time to check the calibration. A standard can be prepared quickly with this
modular approach to match a given matrix, fissile loading, and fissile distriBution.

When ashuffler is used tdhelp verify an inventory of miscellaneoutems,
whatever standardmeusedare unlikely to closely match many of titems. The only
practicalrecourse is to usklonte Carlo simulations t@alculate correctiofactors for the
differences in shapes and contents.

Some rather generic features of standards applydiswe Stability with time and
handling are always important and usualigt easily byshuffler standards.Stableforms
of uranium are normallyised insealedcontainers. Howeverxperience with cans of
U,O, powder has shown that uncontrolled handiwill change the density of theowder
and its shape withithe canenough to cause variations time assay results beyond the
usualstatisticalfluctuations,particularlywhenthe oxide fillsonly a small fraction of the
can. A standard handling procedure controls this variation very well. But it is desteo
standards with more stable configuratiomdetals are stablbecause they are rigablids;
low-density standardsave been prepared frosolutions dispersed and absorbed onto a
substrate (such as alumirfa).
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B. Calorimetry

1. Principles. The calorimetric assay of radioactive materials useghermal
power generated by radioactive decay to determine the m&$Mfinside a container. In
the most widely used version of this technique, the heat generated in the satefdetes!
by a temperature-sensitive wire heahsor, hundreds d&et inlength, wrapped around a
cylindrical samplechamber.The sample to be measured is placed in the chamber and
covered with an insulated plug. The heat flow out of the container is measutres limat
sensor.The heasensor iglaced so that it detects a representgiwgion of all the heat
flowing out ofthe sample. As a resulthe calorimetry measurement is independent of
sample propertiesuch asmatrix density, chemical composition, SNM inhomogeneity,
specific heat, orthermal conductivity. For mostaccountable nuclear materials with
appreciable thermgbower, the calorimeter detects nearl00% of the decay energy
transformed into heat.

To measure the quantity &\M or tritium in asample the heat generated by the
sample and the specifimower (W/g) of the radioactivésotopes inthe sample have to be
determined. For multi-isotopic sampléise specificpoowercan be determined by isotopic
measurements and basic nuclear dexmstantsOnly the decayonstantsare needed for
mono-isotopic samples such as tritium.

a. Heat Fuel Measurements.The calorimeters used fdaulk measurements
of plutonium ortritium in DOE facilities measure the temperature differeAdegenerated
by a heat source across a thermal resistance. The qushtityeither measurepassively
or is actively controlled to within a narrow range. In the passive mode, a sample is inserted
in the chamber and thieeat flow out of the chamber is determined by measuring a
differential voltageAV developed by a constant current through temperature-sensitive
resistancesensors. The differential voltage is directly proportional to the differeAde
between the temperature of the heatisorlocated adjacent to the sample chandet an
identical referencesensor incontactwith a constant-temperatueer or waterbath. The
water bath temperature is typically controlled to 0°G01TheAV between the sample and
the reference is continually measured untilagtual or predicted equilibrium i®ached.
The measuremeriime atwhich AT is within 0.1% equilibrium ranges from 4 to 10 h
depending on the sample matrix and whether the sample temperature is preconditioned.

In the case of active temperatwentrol, aninternal wire-wound electrical heater
built in the calorimeter between the sampdmsorand sample chamber issed. The heat
generated by the heater simulates the heat generated from a saB8igM of tritium. The
heater isused tomaintain aconstant sample-side pow®Y and hence a constanfT
between the sample and referesemsorseven thoughthere might be no sample in the
calorimeter. Addition of a heat-generating radioacteeirce inthe sample chamber
initially increased\T beyond a temperature-controller peint. As a resultthe power to
the heater coil in the sampdede isautomatically reduced until theresetAT is reached.
The magnitude of thpower drop tahe heater is equivalent to the samptaver. This
active mode ofoperation iscalled servo-controlled. Irthe servo mode equilibrium is
reached in 2to 6 h.
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The procedurdor calibrating a calorimeter is similar in principle smme other
NDA techniques.The signalAV, corresponding to AT, is related to theowerW by a
constant of proportionality. The calibration constark, the calorimetrysensitivity, is
determined by the use of calibration heaters or radioactive heat standards using Eq. 7.

K = AVstd/\/\/std (7)

The sensitivitydepends orthe design ofthe calorimeter, in particular thteermal
resistance between the sampknsorand the referenceensor.The greater the thermal
resistance the more sensitive the calorimeter. Higher sensititffmeters require more
time to reach equilibrium.Typical calorimetry sensitivities rangeom 4000 to 100 000
MV/W. There is a small dependence Kfon the samplepower. Inone case, al.6%
decrease in sensitivitwyas observed for standard powansreasing from0.1 to 10 W.
For the passive mode ofalorimeteroperation the sensitivityK calculatedrom Eqg. 7 is
used withthe AV measurement of annknown todetermine itshermal power. In the
servo-controlled mode of calorimeter, operations not used taneasure th@ower of a
sample.

b. Specific Power and SNM Mass Determination." For asingle radioi-
sotope, the power is related to the quantity of material by Eq. 8.

W= 2119.M/T , A (8)
where

W = power, in watts, emitted by the unknown;

Q = total disintegration energy, in MeV, of alpha particle emitters

or the average energy, in MeV, of beta particles;

M = mass, in grams, of the radionuclide;

T,,= half-life, in years, of the radionuclide; and

A = gram atomic weight of the radionuclide.

The equation can be simplified and rearranged to give

M=W/P , 9)
whereP = specificpower, in W/g, ofthe radionuclide. For example, thisonstant is
0.3240 W/g for tritium and 0.0019288 W/g fdiPu. When there is a only a single isotope
in the sample, Eq. 9 is used for assay.

For a mixture of radionuclidethe sampleower isthe sum ofthe powers of the
individual radioisotopes

W=2 W, =2 MP=M2Z RP.=MP,, (10)
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whereM is themass ofthe elementbeing assayed,R, is the isotopic abundance for
component and other power-generating isotopekative to the elememhass,andP,, is
the specificpower of the samplefor multi-isotopic samples. In this casdhe assay
equation is

M=W/P, . (11)

The isotopic abundances of containers of plutonium-bearing materigigp@adly
measured by high-resolution gamma-smgctroscopy usingermaniumdetectors. Mass
spectroscopy andlpha spectroscopyare used todetermine the isotopic abundance of
plutonium used for*®Pu heat standards.

2. Standard Requirements. Calorimetric measurements require haat
sourcethat produces a knowamount of thermabower. This can beproduced by (1) a
radioactive heat source standard, or (2electricalstandardhat generates thermpbwer
by resistance heating. Both types of standaats beused todetermine the calibration
constanK in Eqg. 7. The only criteria for the standards are ttieatrange oStandard heats
used to initially calibrate the calorimeter be larger than the expected range of unknown heats
and that theupperthermal power is withinthe design criterion ofthe calorimeter. For
certain calorimeters internal temperatures greater thdd Ay causepoxy components
to lose structural integrity. Standards requiremémtgamma-ray isotopic measurements
are described elsewhere in this guide.

a. Radioactive Heat Standards. Materials that can generate quantities of

heat similar in magnitude to the items being measimetbng periods otime aresuitable

as heastandards.Radioactive materials that decay primarily by alpha or beta deitiay
little or no gamma-ray decay are primary candidates for this application. The short range of
the alpha and beta particles ensures that all the energy is depositedanrteenaterial or
encapsulation and is convertedhigat. The low intensity of penetrating gamnrays also
reduces the radiatioexposure for personnel usitige standards. Plutonium-238eets
these requirements and is tbely radioisotope used faadioactive heastandards. A
typical isotopic composition of #%Pu heatstandard isshown inTable IX. The thermal
power anddecay rate of the heatandardare dominated by th80% ?**Pu component.
The chemical composition of the heat source is Plie isotopic composition of theeat
source must be determined with techniques using reference materials traceable to NIST.

Table IX

Isotopic Composition of 2**Pu Heat Standard
Isotope Weight Fraction
=8y 0.795
=Py 0.166
240py 0.029
2py 0.007
22py 0.003
Zopy 5.6 x 10
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The physicaddimensions ofthe encapsulatet?®Pu sourcesare typically small in
comparison to the containers that are being measured. Plutonium-238 standard sizes range
from the size of a pencil erasfar the lowest power to a ~ 0.5volumefor the largest.

These heasourcesare relatively small because tihégh specific power of 2**Pu, 567

mW/g, which is about 300 times greater than thatefi, leads to a relative reduction by a
factor of 300 in standard volunmelative to**°Pu. Plutonium-238heatsourceshave been
constructed with power outputs ranging fré@008 to 115 W. Highewattagesources
require storage in heatsink such as aetalblock, metal-shot-filled container, or water

bath. The radioactive material is encapsulatedeneral layers ofmetalrugged enough to
withstand high temperatures and seveechanicashock. Aschematidrawing showing

the multilayer containerization of a hesturce is shown ifrig. 15. Plutonium-238heat
standards having a thermal power of 1 W have dose rates ranging from 0.2—0.4 mrem/h for

neutrons and 0.8-1.0 mrem/h for gammas at 15Td¢ra.neutroremission is due too(,n)

reactions on th&’O and*®O of the oxide component of titandard. Ithe PuQ in the
source is prepared with oxygen enrichetf@ the neutron dose rate will be reduced.

LINER BONDY

STRENGTH
MEMBER BDDY

CLAD BODVY

Fig. 15. Plutonium-238heat
standard.

T¥py oxIDE
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The power of a®**Pu heatsource is established byeasurement in a calibration
calorimeter that uses voltmeters and resistors traceallkSiD electricalstandards. These
calorimeters have a built-in resistance heat@roundingthe samplechamber. The
resistance heater is series with acalibratedstandard resistanceThe unknown heat
output of the®*®Pu source is measured with the net sensor offgytat equilibrium. The
sample is then removed frotne chamber. Current iapplied to the calibration heater so
that thepowergenerated is approximately that of thew source with new sensoutput
AV The power from the resistance he&giis E, 1,,, whereE,,, is thevoltageacross the
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resistance heater measured by a calibrated digital voltifi2éé) and I,, is thecurrent.
The current is calculateffom 1,, = EJ/R,, wherethe voltageE; is measured by the
calibrated digital voltmeteacrossthe standard resistand®,. The unknown heatstandard
powerW, is calculated from

W, =W, + AV, - AVY/K, (12)

whereK, is the sensitivity of the calorimeter at thewerlevel W,.* TheDVM used for
the measurements &, E;, AV, AV,, andK, and thestandard resistancls are
calibrated by the sitelectrical calibrationaboratory.There the voltmeter is checked by
measurement of a standard voltage and the resisRnsecompared to standardsistors
maintained by the electrical calibratidaboratory. In turnthe calibration laboratory
standardsare traceable tNIST throughthe Albuquerque Operations Primgsyandards
Laboratory, Sandia\ational Laboratory, Albuquerque, New Mexico.Typically the
voltmeter is certified to be accurate to 10 ppm andsthrdard resistance to ppm. The
accuracy of th&*Pu heat standard must take into accdhatheadistribution error of the
standardscalorimeterand the uncertainty in the decayté@rmal power due toisotopic
uncertainties. The overall accuracy ofhaat standardcalibrated at MoundApplied
Technologies for a 3 to 5 year calibration time period is typically 150 ppdm0ES%). A
calibration certificate that was issutat a***Pu standaraalibrated at Mound ishown in
Fig. 16. Larger heasourceghat cannot fitwithin the sample chamber of the calibration

Mertificate B Eulibration
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Fig. 16. Plutonium-238 heat source calibration certificate.
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calorimeter can be calibrated bgmparison to sums of knowamallersources iranother
calorimeter. The overall uncertairfiyr these highepower sources iarger tharfor the
smallersources. Foexample, for a 115-Wieatsourcethe calibration accuracy was
0.075%.

b. Electrical Standards. Electrical standardscan beused for calorimeter
calibration.With this approach portableeaterprobesare inserted into an adapter sleeve
inside the sample chamber and connected to a constant @otgoe and VM. The
methodology for use of the probe is similar to the methodology for primary calibration with
an electrical heater inside a calibration calorimeter. The amounavdr W generated in
the heater i3V = El, whereE is the potential differencacrossthe heater andl is the
current flowing throughthe heater. The quantityE is measured with a high-precision
calibrated voltmeter andl is determined by a separate voltage measuremenruss a
standard resistor placed in series with the resistance heater. Calibration with arbbater
has a more direct traceability link to NIST than calibration WiPu standards.

There are certain advantagesusing electrical standardscompared td*®Pu heat
sources. The ?**®Pu heatsourcesare accountable nuclear matewad must be handled
following MC&A requirementsThere are naguchrequirements witlelectricalstandards.

For >**Pu standardghe radioactive decay of the samples leads to a constantly decreasing
power. Forthis reasonthe ?*®Pu standardperiodically must be sent to another site for
recalibration. Shipping requirements addthe expense and delay involved in off-site
calibrations. Electricalstandards must also be recalibrated, but ¢his usually be done
onsite, with no shipping requirements and for a narolallercost. The integrity of***Pu
containers must be periodically tested by nondestructive testing (MBihods. This is

not a requirement for the electrical standards. A disadvantage to using an electrical standard
is the relatively complicategrrocedure for usinghe heaterprobe gear. No such
complication arises with?*®Pu heatsources. Another relative disadvantageith the
portable electrical standard is that the DVM and standard resistor must be recertified 3 to 20
times more frequently thafior the >**Pu sources.The certification periodor ***Pu heat
sources is longer (3-5 yeatbpn the certification periotbr the electricalstandards (3—

12 months). If the electrical equipment has shown a history of operating satisfactorily, the
frequency of the recalibration will be reduced by the electrical calibration laboratory.

Both #?**Pu and theelectrical standard will not beavailable for use during
recalibration. Traceability toNIST is not maintained if measurements are performed with
equipmentwhose certification periodhas expired. Additional calibrated?*®Pu heat
standards oDVMs and standards resistors must éyailable to replace thenits being
calibrated toensure continuity ofmeasurement control in a production environment.
Calibration tags indicating the expiration date of the certification oelrical equipment
should be affixed tehe front panel of theequipment. A separatertificatespecifying the
accuracy of the component for the certification period should be maintained. No calibration
tags are used with**Pu heat sources.

Calibration heateprobeshave been produced by Moumar use in calorimeters.

The Mound Electrical Calibration Heater (MECphobe hadeenused at LoAlamos for
accountability measuremerit® schematic of the MEClgrobe is given irFig.17. The
heater element is located at the tip of grebe. The thermalpower is supplied to
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Fig. 17. MECH probe.

the probe througHeadwires from anexternalpower supply. Different sizes of probes
have been constructed to fit a range of container sizestheitinalpower outputs ranging
from 0.1 W to 150 W. AscanningDVM alternatelymeasuregshe voltagesacross the
heater resistor and trstandard resistor in seriesdetermine the heat@ower. Both the
DVM and standard resist@re easily removabléor periodic calibration. Theower
delivered to theprobe is measured and controlled &ymputer. Specially constructed

calorimetercans,adaptersleevesand baffles need to be constructed to allow insertion of

the heater probe. A photograph of the components is shown ib8Fig.

Fig. 18. MECH probe components. From left to right, aluminum adapter
sleeve, electrical probe, insulated baffle, and calorimeter can.
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A small part of the measured therm@dwer delivered into the calorimeter is
dissipated in thelectricalleads and not measured by tmeatsensors. Thuthe actual
power delivered to the calorimeter Iessthan indicated. Théias becomes larger for
smaller powers wherthe resistance of the heater becomes smaller relative toetter
leads. For a MECH probe operated in the 50- to 155-W rangkeaiti®ss wasestimated
to be 0.12%.

The accuracy of the MECH probe has been tested ag@hsheat sourcesGood
agreemenhasbeen obtainedor high-power sourcesAgreement 0f0.1% wasobtained
for measurements at 89 W and 155 W for two calorimétdrise relativebias between the
methods becomes larger for lowtaermalpowers. Relativebiases ranging frorf.5% to
0.8% were observed for a thermal power range from 1.7 to 7.5 W for one calofimeter.
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V. CURRENTLY AVAILABLE NONDESTRUCTIVE ASSAY STAN-
DARDS

In this chapter we will discuss NDA standattat are currently availabfeom US
or European laboratoriesOnly two CRM standardshave been prepareexpressly for
NDA of SNM and wewill discussthem in some detail. To supplement tHimited
repertoire of CRMstandardsscientists throughouhe USDOE complex have fabricated
many different types of WRM standards and we will discuss a fetheat to illustrate the
principles of the design and fabrication of NDA standards.

A. Certified Reference Materials

Only two availablesets of CRM standardshave been prepareskpressly for the
calibration of NDA techniques. Both setee intendedor isotopicmeasurements: one for
plutonium and ondor uranium. There are severakasonghat only two sets of CRM
standards existfter 30years of safeguards activitiedEsachset of CRMstandards took
more than 10 years to prepare frahe initial planning, throughthe preparation and
characterization of the SNM, to the final completion and delivery. CRM standards must be
shipped fromthe producing laboratory tahe user, and it is well known that the
transportation of SNM across a country aspeciallyacrossthe border of a country is
heavily regulated and therefonentrivial. Aninternational purchase of @RM standard
must first be approved kihe SNM regulatory authorities in botbountries, andhen the
packaging of the SNM must conform to thieipping requirements of bottountries. The
fact that thepurchase of CBNMCRM 271 from Europe by a USaboratory took
approximatelyfour years oftime and effort is a vivid illustration of the difficulties
involved.

Both of thesesets of CRM standardscontain relatively smalamounts ofSNM,
whereas the amount of SNM required for a projegification measurement with some of
the NDA techniques, such as neutron counting and waste measuremntexceed
several kilograms ofSNM. This requirementfor standardscontaining substantial
guantities of SNM creates very stringent practical and regulatory difficulties. In soahy
situations, the only viable alternative is to prepare and characterinedbgsary SNM as a
WRM at the laboratory where it is needed.

1. CBNM Nuclear Reference Material 271. This CRM standard set is
intended to beused forthe nondestructive determination of the isotopic distribution of
28y, 2Pu, **Pu, *'Pu, and*Am by gamma-ray spectrometrylhis standard set was
prepared by the CBNM, now called tHRMM in Geel, Belgiumand it has aertification
date of 20June 1986. The setconsists of foursealed stainless steebntainers,each
containing a sintered pellet of about 6.6 g of Pulhe cans are 40 mm in diameter and 21
mm tall, each containing one of four isotopic compositions of plutonium.

The cansare labeled according to their nomid&Pu percentage as CBNM Pu 93,
CBNM Pu 84, CBNM Puw0, and CBNM Pu6l1. They are certifiedor ***Pu#*Pu and
*Am isotopic fractions and the certified isotopic distribution aslwfie 20, 1986, is
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shown in Table X.Only afew sets of thisCRM standard exist ithe United Stated_os
Alamos, LLNL, and NBL). The user should directly contact IRMM for availability.

A picture of the CBNM 271 set is shown in Fig. 19. and the schematie cCRM
is shown in Fig. 20.

Table X
Plutonium Isotopic Abundance on
June 20, 1986

Atom Percent

Material =y =Py 2Py 21py 242py 2Am/Pu

CBNM Pu 93 0.0117 93.4392 6.2886 0.2215 0.0390 0.1039
CBNM Pu 84 0.0706 84.3985 14.1578 1.0197 0.3534 0.2157
CBNM Pu 70 0.8506 73.4248 18.2445 5.4257 2.0544 1.1624
CBNM Pu 61 1.2045 62.6562 25.3526 6.6376 4.1491 1.4362

Mass Percent

Material #8py %Py %Py #1py 2Py 2Am/Pu

CBNM Pu 93 | 0.0117 93.4123 6.3131 0.2235 0.0395 0.1047
CBNM Pu 84 0.0703 84.3377 14.2069 1.0275 0.3576 0.2173
CBNM Pu 70 0.8458 73.3191 18.2945 5.4634 2.0772 1.1705
CBNM Pu 61 1.1969 62.5255 25.4058 6.6793 4.1925 1.4452

Fig. 19. Picture of CBNM 271 plutonium isotopic CRM.
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Fig. 20. Schematic drawing of CBNM 271.

2. Certified Nuclear Reference Material EC NRM 171/NBL CRM
969. This low-enriched uraniunCRM standard wagrepared primarilyfor uranium
enrichmentmeasurements, andwas certified with an accuracy obetter thant 0.1%.
This CRM was issued in 198and itwas prepared and certified jointly b BNM and
NBL, representing thdirst example of an internationally certified reference material for
NDA.* ThisCRM may be obtainettom the NBL in Argonne, lllinois. P. Matussek of
Kernforschungzentrum Karlsruhe (KfKyrote a very good userimanualfor this CRM,
and it provides a comprehensive description of the enrichment principle and thetfettors
one needs to consider during a uranium enrichment measurement.

This CRM standard represents a physical standard in the sense that it provides well-
characterized bulk quantities of uranium in a well-defined, invarigdétenetry. The CRM
consists of YO, powder with fivedifferent>**U enrichments0.3%, 0.7%, 1.9%2.9%,
and 4.5%. The range of enrichment was chosen to span the r&ftie efirichmentghat
are commonly encountered in the low-enrichment uranium dyele. Each sample
consists of 200 g of IO, powdersealed in a cylindrical aluminum with an inréameter
of 70 mm. The 70-mm diametesind 200 g represetite minimum size of sample that is
required to produc89.9% ofthe gamma radiation (di86 keV) thatwould be obtained
from an infinitely thick sample. The physical geometry of the standard is shdwig.i21
and a picture of the containers composing this CRM standard is shown in Fig. 22.

The enrichment of this set of CRM standards is certified as listed in Table XI.

B. Working ReferenceMaterial

WRM is usually prepared by a single laboratdoy its own use as aalibration
standard, as eontrol standard, or fothe qualification of an NDAneasuremeninethod.
As such itmay not benecessary to ship it frorsite to site, thuseliminating many
regulatory difficulties. Because mamsgts of WRM standardshave been fabricated by
different facilities throughout the years, the discussion here cannot be complete. Rather we
have selected several well-characterized sets to illustrate the principles of preparing WRMs.

63



2
Z’/I% Latrasanic
) /’d ,./ ==
%5/}"'; - Q
ﬁ% A Aluminium
\ v e
HoRE 7 Q
o
L / /; ) Alumariuem
) ] —
& 00— can
Nie TN
A el PO e
% i I -'-3'55:.-;%-___—”1‘311 powder
::l.: . L 'h."a'h.'\. 'h.. 1..\. Y -‘1. d
» Y
Sample dimensions:
Total height H =90.0 mm
Outer diameter Z = 80.0 mm
Inner diameter D= 70.0 mm
Window diameter Y = 66.0mm

Window thickness d =2.0mm
U,0O, material height

H= 20.8 mm

Fig. 21. Cross-sectional
view of EC-NRM-171/
NBL-CRM-969 standard.

Fig. 22. Picture of the EC-NRM-171/NBL-CRM-969 standards set. The can at the
bottom of the picture is an empty container that is identical to the actual containers.
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Table XI
Enrichment of EC-NRM-171/NBL-CRM-969 Standard

Price
Code Material Certified Value unit | (ECU)

0.3206+ 0.0002 at %*U
EC-NRM 171 | Set of 5 Al cans with,Qg of 0.7209+ 0.0005 at %6*U 5X200 g 7260
different®*U/U abundances 1.9664+ 0.0014 at %8*U
2.9857+ 0.0021 at 9%6°U
4.5168+ 0.0032 at %6°°U

1. Performance Laboratory Standards. In Europe, the EURATOM
laboratory at Ispra, Italy, hake most extensiveollection of WRMstandards. Alspra,
PERLA was established over twenty years ago witle main goal ofroviding a wide
variety of uranium and plutonium WRMs to beedmainly for the calibration of NDA
instruments and techniques. The®¥RM standardsare very well prepared and
characterized by several European facilities and analytical laboratories. The PaeiityA
and the availabl®VRM standardsan beused byNDA instrument developers talibrate
their instruments and test their techniques. The PEfRLCH#ty has alsdeenused tatrain
EURATOM and InternationalAtomic Energy Agency (IAEA) inspectors inmaking
measurements with NDA equipment and for Physical Inventory Verification exercises.

a. Plutonium-Bearing WRM. A set ofwell-characterized plutonium WRM
standards wafabricated in thdate 1980s withthe mainpurpose ofcalibrating neutron
coincidence counting (NCC) techniques, althotighset caralso be used focalorimetry
and plutonium isotopic measurementsfhe quality control of the preparation and
characterization of this set of WRMsisbeenreported®® The setconsists of high-purity
plutonium oxide in sizes ranging froth5 g to 2.5 kgcomposed ofow-, medium- and
high-burnup plutonium (Table XIl). Some were packaged in special containers for neutron
multiplication studies (MS/1000-S, MS/2500-%Jable XIll). This set of WRMs is
probablythe best-characterized low-impurity plutonium oxetandardavailablefor NCC
and provides a good example of how WRM should be prepared and characterized.

Table XIl
Description of the PuQ Sample Batches
Material Lot Description ZPu (%)
PuQ 1 Low burnup ~71
Medium burnup ~61
High burnup ~ 58
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Table XIll

Weight Range and Container

Material Weight range (g) Contairfer
PuQ, powder 0.5-1.0 5
50-100 200
300-1000 1000
1500-2500 2500
50-250 MS/1000-S
250-1000 MS/2500-S

b. MOX WRM. While theabove set of plutonium-bearing WRMas being
prepared, a set of MOX powder and pellets was also fabricated (Tables XIV and XV). The
MOX pellets were irsmall rods clad with stainless steel aircaloy? Some ofthe rods
were full-size rods representative of fuel rods found in reactors. They comprise a range of
Pu/U ratios and the plutoniumanges from low-to-highburnup. This set ofMOX rod
WRM is also very wellcharacterized and it is axcellentstandard forcalibrating NCC

systems.

Table XIV
Description of the MOX Rods
Material Lot Description Puveight % ZPu/Pu (%) Z5UJIU (%)
MOX 1 SNR C1 fuel ~ 22 ~ 66 natural
2 SNR C2 fuel ~31 ~ 57 natural
3 FDWR fuel ~93 ~79 natural
4 DWR fuel ~4.2 ~84 natural
5 KNK 1l fuel ~22.0 ~ 66 ~63
Table XV
Weight Range and Container of MOX
Material Weight range () Contairfer
MOX powder 0.5-1.0 5

2. PIDIE Plutonium Isotopic Standards. In the late1980s,the ESARDA
working group organized a PIDIE. A set of seven plutonium standards of Gdogtof
plutonium, each with nominat°Pu isotopic percentages of 6.0%, 10.0%, 14.1%,7%,

21.1%, 23.8%and25.5% were fabricated ahe AtomicEnergy Research Establishment
(AERE) Harwell. Fig. 23 is a photograph of one set. These standards were distributed as
unknowns tonine laboratories in Europe and in the {8 NDA measurements ifate

1988. After thefirst results were synthesized lyght participants, a preliminary report

was written in 1989. Mass spectrometry measurements of small samplegaoh
plutonium batch were carried out 8989 and 1990 by sixother laboratories
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8 1
Fig. 23. Picture of the PIDIE plutonium isotopic WRM. The container at the lower
part of the picture contains no SNM.

to complete the final analysis of thesults. The results ofthe intercomparison have been
reported in Ref. 5. The plutonium isotopic distribution of the PIDIE samples are shown in
Table XVI.

3. Los Alamos Fabricated WRM. In theUS, Los Alamoshasthe largest
collection of WRM standards, accumulatedthrough thirty years of research and
development in NDA. In 1988 a working group was formed at Los Alamesatimine the
status of the NDA standards thér@he group concluded that while Los Alamos haahy
sets of WRM standards, the documentation and the traceability to high-precision DA results
was less than desirable. Some of the chemical analysis results were available to only a few
staff members. Aomplete listing of the WRMexisting atthat time can béound in the
Appendix ofRef. 6. There were also some significageaps inthe availability of WRM
standards. Therefore thisworking grouprecommended that severaw sets of WRM
standards should be prepared #mat any new standardsbricated at.os Alamoswould
follow a more rigorous procedure, as outlined in ChapteBhce 1988 more than ten sets
of WRMs have been preparddr a wide range ofNDA instruments, and wevill now
discussseveral of thenewer WRM standards. These WRMs are well-documented and
characterized, and the characterization was as rigorous as that for CRM standards.

4. Segmented Gamma Scanning Plutonium Can StandardOne of the
highest prioritiesfor new WRM standards at Los Alamos, as reportedtig working
group in 1988, was for nepwlutonium canstandards foISGS. Foursets of WRM
plutonium can standards, witht@tal of 20cans, werdabricated in1990/ One ofthese
sets was shipped to Westinghouse Savannah River Site (WSRS).
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Table XVI

Plutonium Isotopic Distribution of PIDIE Samples Determined by
Los Alamos DA as of January 1, 1988
Atom Percent
Material 2Py 2Py 240py 241py 242py 2Am/Pu
at. % at. % at. % at. % at. % at. %
PIDIE 1 0.0111 93.7902 5.9669 0.1976 0.0342 0.2257
PIDIE 2 0.0227 89.3798 10.0619 0.4424 0.0932 0.2631
PIDIE 3 0.0474 84.6386 14.0951 0.9877 0.2311 0.6165
PIDIE 4 0.1090 77.7986 19.7053 1.8265 0.5604 1.5541
PIDIE 5 0.1321 75.9725 21.1524 2.0490 0.6944 1.7177
PIDIE 6 0.9354 66.4662 23.8335 5.2465 3.5186 3.7375
PIDIE 7 1.2608 62.1174 25.5418 6.4517 4.6281 3.5492
Mass Percent
Material 235y 2Py 240py 241py 22py 2Am/Pu
wt % wt % wt % wt % wt % wt %
PIDIE 1 0.0111 93.7649 5.9902 0.1992 0.0346 0.2275
PIDIE 2 0.0226 89.3379 10.0993 0.4459 0.0943 0.2651
PIDIE 3 0.0472 84.5795 14.1442 0.9953 0.2338 0.6212
PIDIE 4 0.1084 77.7175 19.7673 1.8399 0.5669 1.5655
PIDIE 5 0.1314 75.8857 21.2168 2.0638 0.7023 1.7301
PIDIE 6 0.9297 66.3439 23.8893 5.2807 3.5563 3.7619
PIDIE 7 1.2528 61.9848 25.5941 6.4919 4.6763 3.5713

These standards werestainless steel containers designed specifitailghe can
SGS. The matrix material used was DE with a density of 0.26 units. The plutonium oxide
was high-fired blendedfor more tharfour hours,and sieved. Foreach of thecans, a
weighed amount of plutonium oxide was introduced into the inner can, DE was added, and
the lid was then welded shut in a glove box. The imaemwasthen bagged and placed in
the outercan, which wasvelded shut outside dhe glovebox. Then each can was
blended and vertically scanned to determine the uniformity of the plutonium mixture. If the
can did notpass a rigorousiniformity test, blending was repeated. Figure 24 is a
photograph of the cans for the standards before the lids were welded. The fitRssiof
each can and the total and percentage uncertainty in the mass are listed in Table XVII.
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Fig. 24. Cans used for the SGS standards before
the welding.

Table XVII
Plutonium Content of SGS Can Standards as of January 1, 1990
Standard ID Z%py Uncertainty
©) ©) ()

STDSGMC-1 48.142 0.035 0.073
STDSGMC-2 48.130 0.035 0.073
STDSGMC-3 48.131 0.035 0.073
STDSGMC-4 48.132 0.035 0.073
STDSGMC-5 48.139 0.035 0.073
STDSGMC-6 48.130 0.035 0.073
STDSGA10 9.629 0.012 0.125
STDSGA30 28.874 0.023 0.078
STDSGA100 96.269 0.068 0.071

STDSGA250 240.661 0.169 0.070

STDSGB10 9.624 0.012 0.125

STDSGB30 28.890 0.023 0.078
STDSGB100 96.273 0.068 0.071
STDSGB200 192.528 0.135 0.070
STDSGC10 9.625 0.012 0.125
STDSGC30 28.876 0.023 0.078
STDSGC100 96.268 0.068 0.071
STDSGC250 240.664 0.169 0.070
STDSGCAL20 19.271 0.017 0.087
STDSGCAL200 192.527 0.135 0.070
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Six relatively small samples were selected from different partiseoblended batch
and sent to three independent laboratofi¢BL, Mound, and Los Alamos) where the
samples were characterized. The results were compared to determine the uniformity of the
batch and thgrams of plutonium per gram smple. Low-burnumplutonium (96%
#3%Pu) was used sthat the**'Pu componenivas quite low (< 0.1% on 1/1/90)which
meant that the in-growth 6fAm would be slow. Therefore these standards could be used
for a longtime before the radiatiomevel would exceed thehreshold forprecaution in
handling.

5. SGS Uranium Drum Standard To calibratethe Los Alamos SGS drum
counter, a set of uranium drum standards prapared inl991-1992. It waprepared in
the same manner as the SGS can standards except that it was prepared in a modular manner
with 4-| bottles. Normal 200-I drumare tooshort toaccommodatel-I bottles stacked
three high. Therefore eacldrum waslengthened by welding another drumito The
Cellutex matrix(usedbecause ithas approximately the same density BE) was precut
with seven holes and stackedtire drum and then 20 4-| bottles of uranium oxide were
positioned in the drum. Three drums were prepared according to the specificabgs in
25 and 26.

The standards were prepared fraelatively pure uranium oxide (1D,) diluted
with DE. The feed oxidenvas high-fired forseveralhours, sieved through a 100-mesh
sieve to produce a particle size of less th&A microns,and therblended. Five samples
taken from different parts of the blended batchwere submittedfor chemical
characterization. Thehemicalanalysis determinethe uranium isotopicomposition, the
uranium weight fraction, and the loss on ignitidine analysis systems used fcnemical
determination were calibrated with CRMs.

Uranium and
Cellu\ex diatomaceous
. earth
90.8 Fig. 25. Side view of the 4-I
ocm bottles in the drum in a
Cellutex matrix.
-
28.8
9cm

0cm

57.1 |
5cm |

Y
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Uranium mixed with
diatomaceous earth

Cellutex

Air gap

Fig. 26. Top view of the 4-I
bottles in the drum.

‘ 16.51 cm

Each bottle was filled with the mixture of uranium oxide and DE and then blended
for 60 min. After all the 4-1 bottles wereprepared,they were scannedor vertical
uniformity with the SGS system.This wasperformed by measuring thetal corrected
counts in each segment, from the top of the bottle to the bottom,thsiri@6-keVgamma
peak from#*U. The attenuation of each segmemwmas corrected by calculating the
correction factor from the transmission measurement. Frowettieal scans,eight of the
standards were found to be not sufficiently mixed so they were reblended and rescanned.

Thecertified masses of the three drums are listed in Table XVIII.

One aspect of this set of drum WRMdessthandesirable. With this design, the
WRM tends to exacerbate the “end effect,” which, if it is not correittedh the software,
will produce a negative bias in the measurement.

6. Active Well Coincidence Counter Uranium Standard. A set of
enriched uranium oxide standards was fabricated in 1991%1®92se with the AWCC.

Table XVIII
Mass and Uncertainty of the Uranium Drum Standards
Standard 3 (g) Uncertainty”>U (g)
STDSGUD1 31.20 + 0.07
STDSGUD2 100.99 +0.21
STDSGUD3 200.43 +0.42
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The AWCChas two modes afperation: fast and thermal. the fast mode, the
sample cavity has a cadmium liner that absorbs thermal neutrons; this mode is intended for
the assay of large uranium samples. In the thermal modeadingum liner is removed to
allow fissionsinduced by thermaheutrons; this mode is intendéak low-massuranium
samples. It was decided that 15 standards could cover the range of sample sizes. These 15
standards can be grouped into low-mass and high-sedss The low-mass standards set
covers thé*U mass range up to 250 g and the high-mass set covers the range of 250 g up
to 4 kg. Samples below 250 gre to beassayed irthe thermal modeand those above
250 g are to be assayed in the fast mode.

Approximately 18 kg of LD, from four batches were blended into four new bottles
by taking approximately the same amofrotm eachbatch. Thesefour newbottles were
mixed in a blendefor one hour. Samples were drawn froreach bottlefor chemical
characterization. The characterization included uranngss fractionuranium isotopic
distribution, weight loss on ignition (LOI), and impurity determination.

The standards wer@ackaged intdood pack cansiwo sizes ofcontainers were
used toaccommodate all thelifferent masses of YO, The smallercans (A) were
12.75 cm in diameter by 10.16 cm tall. The dimensions of the larger cans (B), which used
double containment for the higher-mass standards, were 11.43 cm in diameter by 19.05 cm
tall for the innercan,and12.75 cm indiameter by20.32 cmtall for the outercan. The
masses and the container types for this set of WRMs are shown in Table XIX.

Table XIX
Certified 2*°*U Mass, Container, and Estimated Fill Height of This Set of WRMs
Standard ID YU (9) Uncertainty U g) Container Est. Fill Height (cm)
STDUO10 9.98 + 0.02 A 0.1
STDUO25 25.00 + 0.04 A 0.14
STDUOS50 49.95 + 0.08 A 0.27
STDUO75 75.00 + 0.12 A 0.79
STDUO100 99.99 + 0.16 A 1.27
STDUO125 125.00 + 0.20 A 1.43
STDUO150 149.99 + 0.23 A 1.69
STDUO250 250.00 + 0.39 A 2.54
STDUO500 500.00 + 0.78 A 2.90
STDUQO750 750.0 +1.2 A 5.08
STDUO1000 1000.0 +1.6 A 5.87
STDUO1500 1500.3 +23 B 7.62
STDUO2000 2000.3 +3.1 B 10.2
STDUO2800 2800.2 +4.4 B 14.0
STDUO3600 3600.5 + 5.6 B 18.4
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Oneaspect of this set AWCC WRMs islessthan desirable. For some of the
low-mass standards, the fill height is less than 0.5 cm. Betlaige/ NCC issensitive to
the position ofthe AmLi activation sourcerelative to thesample, any changes in the
distribution of the sample in the can could affect &issay result. In retrospect, for the
low-mass standards (mass < 50 gynaller carwith the uranium oxide fixed inside the
can would be more desirable.

7. Performance Demonstration Program Plutonium Working Refer-
ence Material. Of all the WRMs that have been prepared, this set of standards is unique.
This WRM set is not intended for the calibratioNDA instruments; rather, it ismitended
to test the performance e@faste assajNDA instruments. It igpart of thewaste assay
performance demonstration progrdPDP) organized by thédOE National Transuranic
(TRU) Program. The program evaluates the performanceN&fA instruments using
unknown sample¥.

The PDPtest samples were designed byeam ofscientists from different DOE
sites so that the samples would be impartial to any particular assay technique. Considerable
effort was devoted tousing Monte Carlo transport calculations ithe design of these
samples. These WRMs were designed to prosidet quantities of plutoniumand?*Am
uniformly distributed in a low-density matrix material. The WRMsre prepared ithree
sets: one containing ~ 20—40 mg of plutonium, one containing ~ 200-400 mg of plutonium
and one set containing 2-4 g of plutonium. (Exact quantities of plutonium are not
revealed to thaiser to ensur@erformance testing of theaste assay systems with an
unknown.) These samples were inserted into one of three different types of 200-I drums in
a low-densitymatrix thatwas aspecial blend of DE havintpw limits on impuritiesthat
cause @,n) reactions with plutonium.

The WRMs are contained istainless steekapsules, doublycontained and
independently weldedhut. The inner container is cylindrica®.45 cm indiameter and
22.9 cm high. This allowsthe insertion of threesources peradial source location,
resulting in a total of nine sources to “uniformly fill” the PDP mathixm. This design is
intended for flexibility in drum-loading procedures suctthat a variety of spatial
distributions can be achieved.

Waste generated in nuclear facilitieshisterogeneous by nature. It tiserefore
difficult and expensive to quantify the performance of any waste assay instrument. This set
of WRMs has proven to bextremelyuseful in testinghe performance ofvaste assay
NDA instruments.

Conclusions
We have discussed in this chapter the @RM standardghat are availabléor the
certification of NDA measurements. We have alsrussed &ariety of WRM standards

that exist at PERLAand at Los Alamos.The latterwere selected only to illustrate the
principles of WRM fabrication and the discussion is by no means complete.
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V. PREPARATION PROCEDURE AND TRACEABILITY

In Chapters Il and Il we discuss&DA standards fodifferent types of NDA
measurement techniques and that the characteristics osteadard need to be tailored to
the NDA techniquefor which it will be used. Wewill now present somgeneralized
procedures for the preparation of NDA standards; if the procedurdsllameed diligently,
technically defensiblstandardghat are traceable to the national measuresystemwill
be produced. Most of these procedures follothe recommendations of themerican
Societyfor Testing andMaterials (ASTM)Standard Guide for Preparation of Working
Reference Materials for Use in the Analysis of Nuclear Fuel Cycle Matevidiigh covers
the preparation of both DA and NDA WRM standards. In this chapter we will point out the
specifics applicablenly to the preparation oNDA WRM standards. We woultke to
emphasize that thbasis of anyNDA WRM is a high-precisionchemical analysis that
utilizes appropriate CRMs tealidate the analyticgirocedure. Aecommended approach
to producing WRM standards is given in Fig. 27. In the remainder of this chapteill we
discuss in some detail many the aspects gbroducingWRM standardghat are listed in
Fig. 27.

A. Planning

The preparation oMWVRM standards requiregareful planning and a written
procedure before theork starts to ensurthe credibility of the completeWRM. The
written procedureshould cover the entire project idetail and it should becarefully
reviewed to minimize the potential problareas. It shouléthclude at least the following:
the intendeduse ofthe WRM; theselection and preparation of tIsNM; the plans for
sampling and sample characterization; containers and packagiW¢RM; and theplans
for verification measurements and statistiaallyses to establishccurately the WRM
reference value and its uncertainties.

The starting materialor the preparation of &/RM standard might be SNM
material that is already in the desired WRMmM. Forexample, one coulthke a batch of
uranium dioxide pellets dvilOX pellets directly from grocess runappropriately sample
andcharacterizat, and then package the batch a8VBRM standard. When the starting
SNM is not in the desire?/RM form, then a different approach must bised to produce
the form desired. For example, one could dissolve high-purity urametad inacid, add
given amounts of impurities tihe solution, andhen chemically convert the mixture back
into the desired uranium dioxide form (after thorough mixing) to prodd#R K standard
with a specific level of impurities.

B. Preparation
The homogeneity oSENM in abatch of nuclear materialsed toprepare a WRM

standard is very importafdr some obviouseasons. First of all, it isnportantfor the
whole batch to be homogeneous in SNMilsat allsamples selectefdr chemicalanalysis
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Recommended procedure to fabricate WRM.

(DA) truly represent the entiteatch. Secondly, it isnportant because it means that any
small portion of the standard can be used foharacterization measureméfur example,

an isotopic distribution measurement), dne results will representhe whole standard.
Normally, homogeneity can readily be accomplished eitheclimicalmethods, such as
dissolving the SNM in acid followed by an appropriate precipitation, or by physical
methods, such as blending a batch of oxides for an extended period of time (several hours).
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The homogeneity of a batch of SNM can be determined to roughly 1% by the NDA
technique of measuring the isotopic distribution of a small portion of the baticha
collimated detector, or by neutron counting sinall samples. Amore precise test of
homogeneity can be performed by Réchniques, or, ithe sample igplutonium, by
calorimetry. One can use either of these methods to determiS&Meconcentration to a
few tenths of a percent. Usuatlye batch can be consideredmogeneous ithe results
from five or six sample analyses agree within statistical limits.

The form of the nuclear material inVRM standardcan be any stabli®rm of the
SNM of interest, but special attention must be given to poteratigdes of instability, such
as problems withchemical reactions, problems with changes in stoichiometry, and
problems with radiation damage or radioactive decay. The forms most conumsed|yor
nuclear materials have been oxigdewder, pellets, or metalsOnce theSNM hasbeen
characterized and packaged ag8VBRM standard (usually ithe form of oxide powder,
pellets, or inmetallic form), it is important thatits characteristics remain staldier the
estimated shelf life of the standard. This is an important concern because itkeaavell
that regular plutonium oxide is deliquescent and readily absorbs moistaveever, if the
oxide has been fired to a relatively high temperature’®&91100C), then the plutonium
oxide is relatively stable and will nabsorb moisturé. The moisture content of a sample
can be determined by performing the weigbt test. The LOItestshould be performed
on every sample taken to determine the plutonium concentrattar. the high-fired
plutonium oxide, the LOI weight loss usually amounts to only a few tenths of one percent.
Once thesample is prepared and sealed (normally undbwy anitrogen atmosphere), any
subsequent weiglgain hasbeenfound to be negligible. This obviousiypeans that the
standard must be very well sealed to prevent moisture or other impurities from seteping
the container.

C. Weighing

The final determination of the amount of SNM in a WRM standard is carried out by
weight measurements because they consttuté a high-precisiomeasuremennethod.
Therefore, it is important that the weight be determined accurately and corfBoéyscale
or balanceshould be properly chosen &mcommodate the range wkights to bedeter-
mined and it should be at least a factor of 10 more accurate than the final requirements. The
balance should be verified with NIST-traceatégtified weights both before anafter the
weighing of the SNM. The certified weights and the SNM samples should be weighed by
one person with a second person to vetlify weightreadings tominimize transcription
errors in recording the weights.

An important aspect of weighing ithe preparation oMWRM standards is to
determine the appropriate time in the procedunma&e theweight measurementd.et us
take the case of preparing a diluted plutonium oxide WRM staridatde NDA technique
of SGS. There are two potential methods of determitliagveight ofSNM. In the first
method,the empty inner can imitially weighed, anappropriate quantity of plutonium
oxide is transferred tthe can, and then the can is weighed again to determine the net
weight of plutonium oxide. Then the diluent material (typically graphite DE) is added to the

79



can,and after the can iproperly sealedthe mixture is blended bghaking tocreate a
homogeneous mixture. This method requires that the plutonium concentration of the oxide
be determined by DAechniques. Inthe second method, amlready diluted and
homogeneous plutonium oxide mixture is transferred timopreweighed innaran. This
method requires that the plutonium concentration of the diluted oxide be determined by DA
techniques, which ipotentially a much hardgroblem,especially if the diluentnaterial
cannot be readilygissolved. Graphite and DE are commonlysed as diluents in the
preparation ofsuch standards; botlare difficult to dissolve by standarathemical
techniques.

D. Container and Packaging

It is important that the container material be chemically compatiibtethe WRM
matrix andthat the container materiabt affectsignals fromthe WRM. For example,
plastic bottlesshould not be used for neutron standdrelsause plastics tend to moderate
the neutron spectrum and thereby affect neutron measurements. Some plastmstailso
fluorine, which will increase theax(n) signal from the standard.

Usually, aluminum, steel, or stainlesteel containershould be used tpackage
the WRM standards. Steel(food) canghat can be sealed byf@od packing process are
sometimes used, but food pack cans are nomirreligtively thin and tend to deform with
usage. Aluminum and stainless steale better choicefor container materials, but both
require welding to seal the container, which is cumbersome and costhag tb be done
inside a glovebox (for plutonium WRM). Few facilities canweld inside gloveboxes.
Whenever a stainless steel container is used for a gamriidR®; the attenuation of the
gamma rays due to the container should be taken into account in the calibration of the NDA
instrument being used.

After the container igpackaged, it should also beak tested to minimize any
possibility of radioactive contamination leaking out or moisture and other impurities leaking
into the standard.

E. Sampling and Characterization

Of all the steps in the preparation of WRithndardsthe sampling andubsequent
sample characterization is the most important step and it needs to be planned carefully. It is
the combination of sampling and characterizatitat enableone to determindoth the
uniformity of the batch oMWRM and the amount of nucleanaterial in eachstandard.
Samplescharacterized by a trained analyst are traceable to the nasgstm of
measurements.

Sampling isrelatively simple if theVRM is uranium, plutonium, omixed oxide.
Typically, samples are taken from different parts of a mixed and blended oxide batch to test
homogeneity. Sampling can become complicated if the WRM is in the form of fuel pellets.
But one can select fuel pellets from the sdrateh,thenassurethe uniformityfrom pin to
pin by measuring th&/Pu ratio or theoxygen to heavymetal ratio, andfinally select
several fuel pins for DA.

Figure28is a block diagram of the United States nuclear measuresystgm.
Because the availablypes of CRMs forthe calibration of NDAtechniques ardimited
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Fig. 28. United States nuclear measurement system.

(ChapterlV), the traceability of the WRNhas torely mainly on DAtechniques. Where
possible, DACRM standardsare used tocalibrate themethods used to establish the
concentration values (reference valuesgigned tothe WRMs, thus providing the
traceability to CRM standards. Uranium- and plutonium-concentr@iRiM standards are
available from NBL as well as CBNM iBurope. Uraniunand plutonium isotopic CRM
standardsare also availablefrom NBL and CBNM.®* The analyticalaboratoriesshould
validate their measurement techniques dsgayingthe CRM standards before aafter
assayingthe unknown nuclear material. Thenalysis method selecteshould be a
consensus standarohethod for the sample to beanalyzed. For example, mass
spectrometry should be used to determine¥fes 2*Pu **'Pu 2*Pu isotopic distribution,
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and alpha spectrometrghould be used taletermine the**®Pu and **’Am isotopic
distribution. The uranium concentration of a sample can be determined by means of the
Davis-Gray technique. Because of the importance of DA archdsability to the national
measuremensystem, it isdesirable to havewo or more independent laboratories
performing analyses on identical samples from the same batch of WRM. This is necessary
to prevent any potential systemakims from one laboratory.However, the desire to
minimize systematic bias must be balanced with the additional cost and the time delay.
There is also the question of how accurate the DA should be. A general guideline is
that the results of the DA should be more precise by a factor of 3 to 5 théessbidsed
compared to the normal accuracy of the NDA technique with which the WRM wilé &é.
For example, inpreparing a neutron standard for &DA technique where the
measurement precision is typicalhpo, the DA to quantify theWRM should have a
precision of ~0.2% sothat the uncertainty contributed by the DA to the overall NDA
measurement error ilatively small, 0.02% inthis case. Irthe case ofvaste WRM
standardsthe DA can be more precise by a factor of Bor example, amnalytical DA
precision of 1% to 2% iscceptabldor SGS WRM standards becaugbe SGS assay
precision and biaare typicallyaround 5%. Inight of this, it is quite possiblethat a
combination of calorimetry and isotopic distribution measurements will be sufficient to
guantify WRMs intendedor NDA measurements on wastauclear material. The
advantage of this approach is that it is relatively inexpensive compared to DA techniques.
At least one of the samplstould beanalyzedfor impurities tolimit the influence
of the impurities on the certification of the WRM. Typical low-Z impurities that can have a
marked effect on neutroMDA are beryllium, boron, fluorine,lithium, sodium,
magnesium, aluminum, silicon, chlorine, carbon, and oxygen. Some samples should also
be archived tdacilitate theresolution of any future questions concernihg standard
(“referee” samples).

F. Verification

For a set of WRM standards that covers a range of masses (or concentrations), it is
necessary to perform verification measurements to check the internal consistencsetf the
This is particularly important for solution WRM standards. Solutions are ideal samples and
NDA systems for solutions caachieve an analyticgrecision and bias d@.1% t00.2%.

We have found that NDA techniques can determine the gross inconsistencies within a set of
solution WRM standardghat rangedrom low to high concentrationsThe total corrected
counts/g of SNM should biaternally consistentor all of the WRMstandards in a set of
standards; we haveund thatsome samples from a set of concentratdRM standards

can deviate from the average value for the amount of SNM by several percesmtanple

of the verification measurements for a set of SGS can stahdastt®wn in Fig. 29.
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Fig. 29. Measurements for set A of the SGS can standard plus one of the
measurement control standards.

Conclusion

We have outlined in this chapter the recommended steps to prepare traceable WRMs
in procedureshat have beeapproved bythe ASTM. It should beemphasized that the
foundation of the preparation of DA WRM is an accurate chemicahalysisthat has
been validated with CRM standards. tHé proceduresrefollowed diligently, technically
defensible standardthat are traceable to the national measurensgstem will be
produced. While thesestepsare necessarythey may not besufficient. To produce
CRMs, it isvery important to have thorough understanding difie scientific principles
involved in both DA and NDA techniques.
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VI. ALTERNATIVES TO STANDARDS
A. Detector Family Techniques—Cross Calibration

For both domestic and international inspections of nuclear materials, it is often necessary to
employ NDA instruments based on neutron time-correlatemting. ForguantitativeNDA, the
neutron-measuring instruments mustdaébratedusing physical standardepresentative of the
unknowns. For four reasonealibration requirements and constraiate significantly different
for international-inspector-controlled NDA equipment than for in-plant operator equipment: 1) the
physical standards representative of the assay samples are generally not available to the inspector at
the plant; 2) the inspector normally covers a much wider rangaatéar materials thasoes the
plant operator because the inspector visits many different facilities; 3) the inspector tyseallg
family of similar NDA instruments rather thansingle, specialized detector; and 4) the inspector
routinely transportequipment between facilities, making it necessary to frequestigrmalize
prior calibrations.

The traditional calibration approach is to develop phystahdardsepresentative of the
unknownsand then measurtiem on the same detector that will bsed forthe unknowns.
However, this approach is frequently impractical for field verification, e. g., bettaiseandards
must be sampled anthe samples destructively analyzéat certification. Calibration and
normalization procedures have been developed for the Uranium Neutron Coincidence Collar (IAEA
designationUNCL)* to overcome the above-mention@doblems. These UNCL calibration
proceduresan be generalizedr the other instrument familiesuch asthe AWCC.? Both the
AWCC and the UNCL are active systems and hence they are more comjphgtetoent than the
passive systems such as the High-Level Neutron-Coincidence Counter (HENC-II).

The basic idea ofross-calibratiohis to carefully calibratene member of the instrument
family for an important category of materigfor example, boiling-watereactor (BWR)fuel
assemblies] covering a wide range of mass loadifige. calibration parametefsr this reference
detector are thenfixed, and theresponses obther members of the instrument family are
normalized to these fixed calibration parameters.

This technique of fixing calibration parameters (cust@pe) assumdbat the nonlinear
shape is primarily a characteristic of the nucleaterialitems, and anyletector-related effects are
the same for all members of that instrument family.

The primary benefit othis calibration approach ihat it reduces the requirements for
physical standards agell as the in-fieldtime required to completelgalibrateall members of a
detector family. For example, there are presently more tha#NZILs, and it is very difficult to
find a nuclear facility with avide enoughrange of BWR or pressurized-water reactor (PWR) mass
loadings. Also,full use ismade of historical calibratiodata. Thistie-in with historical data
enhances the quality assurancemgfasurementsAnother more subtle benefit tkat detector-to-
detector consistency can be determined easily using the cross-reference approach.

The following sections give specific examples and recommeudgorationfunctions for
selected detector families.

1. Inventory Sample Countef. The case of the inventory samgiVS) counter
is considered first, because of its simplicity. There are only two material categories. Multiplication
corrections for both are insignificant and therefore unnecessary.
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The material categories of interest are

1. PuQ powder, MOX powder, and pellets; and
2. plutonium nitrate and other solutions.

In all casesthe sample plutoniuntmasses should be < 20 g for solids and < 10 g for
liquids. It is possible tdump severalmaterial types into one category becaube neutron-
multiplication differences are negligible.

The preferred calibration function is

R=am+an’ ,

whereR is the real coincidence count rgReals),am >>a,n?, andm is the effective*®Pu
mass.

Note that the terma,nt represents the small multiplication effects.

A set of physical standards coveritige full massrange of interest isised toobtain the
constants, anda, for the reference INVS. The reals rate for a referéri@d spontaneous-fission
neutron source is measuredtheé sametime as thecalibration of the referencetNVS. The
precision of the®’Cf reals measuremesthould be0.5%, or less. The #®°Cf data, based on
measurements maddth the Los Alamossource CR-5are given inRef. 1 (Table I, p. 4) for
seven INVS countersThe calibration parametegs anda, arealso givenfor MOX pellets and
powders measured in the reference INVS.

For in-field applications of the referentdVS, the measuredesponser is corrected for
possible electronic drifts by remeasuring the referéiCé source (or onevhoserelative neutron
intensity is known), making decaycorrections, and computinghe electronics normalization
constant. Table XIX of Ref. 1 givesabsolute andelative yields for 43%°°Cf sources used
routinely by Los Alamos, the IAEA, and EURATOM.

A different INVS can be cross-calibrated by counting the same reference sample (or
samples) in both the reference and new detectors at approximately the same time and computing the
cross-calibration constant. Occasionally, a container correction is required.

The complete correction factor is

k = (electronic} e (cross referenge(container changgsor

k = [Ry(CH/R,..[Cf) ¢ [Ry(INVS-ref)/R,(INVS-X)] « (container changgs

The cross-referencderm R,(INVS-ref)/R,(INVS-X) can be measuredsing either a
plutonium sample or @°Cf source. The counting precision should be a few tenths of a percent, or
less, because any error in this factor will appear as a bias in the assay.

The last term ik, which represents containermatrix changes oboth, isneeded only if

the unknown samples are packaged in a way that alters their INVS resglatige to the original
standards. Usually, this term is unity.

86



Given the stability of present-day coincidence electronics gpower supplies, the
electronics term will be near unity under most conditions.
After k has been determined, the new calibration equation is

kR = am +anr

The significant aspects of using the cross-calibration procedure are to introdterentRg(INVS-
ref)/R,(INVS-X) and to fix the calibratiosonstantsa, anda, of all INVS detectorheads for a
given material category.

2. High-Level Neutron-Coincidence Counter.® The HLNC-Il is a more
complicated case than thVS because of the significance of neutnomiltiplication effects in
larger samples. Thewgetwo possiblecalibrations:R, beforemultiplication correctionandR,,,
after multiplicationcorrections. The calibration functiorfor R vs m (effective **°Pu mass)
changes fodifferent samplesizes, densities, isotopicand impurities. Thughe calibration
function

R=g+am+anr

is verysample-dependenaind considerable scatter is observed among different samples because of
the effects mentioned above.

On the other hand, & [(a,n) neutrons/spontaneous-fission neutrpreduced intem] is
known, then the calibration function

R,.=am

is valid over a wide range of sample characteristidse constana defines thebase-lineslope of
the multiplication-corrected calibration. This is a constant for a partiell&C-11 (typical values

area = 18.15for p, = 0.103), and the ratio @flp, = 176 is proportional téhe detector efficiency.

The constanp, is defined af/T(1+a) for a nonmultiplyingsample. For d&ypical HLNC-II, the
effective*®Pu mass can be written

m = T[176(1+ a)M] ,

whereT is the total neutron count rate adds the sampléeakage multiplication. The variabié
is calculatedfrom the R/T ratio, with a knownvalue for a. The parameterr is 0 for pure
plutonium metaland calculablefor pureplutonium oxide(or impure oxide, only ifthe impurity
concentrations ar&nown) with knownplutonium isotopicratios. For cross-calibration, it is
necessary to correct bddandT before calculating/l or using the calibration constamt

The correctiork for the HLNC-II is defined the same lafor the INVS:
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K = [Ry(CH/R o (CM] ¢ [Ry(HLNC-ref)/R,(HLNC-X)] * (sample correction

The calibration equations become

kR = g+am+anrt, and
R.= am .

The totals ratd is corrected by’ because changes in the efficiesgffectRas e andT
ase. RandT are corrected bikandk®, respectively, before tHe/Tratio is used taalculateR
and M. These renormalization corrections are perforragtbmatically inpresent-day neutron
coincidence counting software.

Reference values for 19 members of BHENC-II family are given inTablelll of Ref. 4.
Ref. 4 also gives uncorrected amaultiplication-correctedHLNC-II  calibration parameters
determined from 39 bulk PyQpowder samples coverirthe massrange of 60 to7000 g of
plutonium. Use of the uncorrectBtalibration curve is limited to this mass range. Samples with
different sizes, densitiegnd isotopics will scatter abotite R curve, and thek factor does not
address this scattelThe R, . calibration data doot scatter because effects duesiice, density,
and isotopic variations awdrrected. After thek correction ismade,all HLNC-II systemswill
have thesamelinear calibratiorline, R, = 18.15m. If one compares thealculatedM with that
predicted from Monte Carlo simulations, we h@ye 0.108 anda = 19.05.

The primary benefit ofhis calibration procedure that all HLNC-II units have the same
calibration equation for the same material category,rewd unitscan becross-referenced using a
single sample or even ZCf source. To preservthe accuracy othis simple normalization
method,deadtimecorrections must baccurate so that thehape ofthe calibration curve is not
distorted at the higher countingtes. Also,totals background corrections must &ecurate
because of thase ofthe totals rate in the multiplicationThis can require frequerttackground
measurements in situations where the background is significant and variable.

3. Active-Well Coincidence Counter: The AWCC is an activassay system for
which the measuredesponser is more complex thafor thetwo previous passive instruments.
In addition to thepassive counting efficiencythe response isdependent on the neutron
interrogation flux fromthe AmLi randomsources. The observedcoincidenceresponseRr is the
product of the sample characteristics, the, and thesquare ofthe countingefficiency. This
means that when we calibrate and cross-reference different detectors, wemmnadizefor AmLi
interrogation sources with different neutron intensities.

To usethe same normalized calibration functifmm a detectorfamily, we have heretofore
assumedhat the detectdneads havéenticalmaterials, geometry, and flpeofiles. Thus, the
AWCC normalizationgnust bemadefor eachend-plug configuration, because changing end
plugs changes the neutron flux profile and the AmLi sousterence rateT(). It is clear that we
need to keep the end-plug variations to a minimum to avoid undue complexity.

For mostfield applications, &°Cf sourcecan beused tocorrectfor any changes in
detector efficiencyusing the same procedure dsr the HLNC-Il. However, for some field
applications of the AWCC and the UNCYCf sources are not available, so the AmLgs)used
to normalize the detector countirgfficiency. Becausdhe calibrationresponse isthe real
coincidence rat®, the reference nedmLi total count rate issquared to obtaithe appropriate
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correctionfactor. Whenever &°°Cf referencesource is available, ghould be used for cross-
referencing instead of thAmLi source(s). Out of necessity, it must be assumdaht the
interrogation source coupling to the sample does not change with Tiheeinterrogatiorflux can
be normalizedusing auranium referenceample. This procedure checks btk flux and the
counting efficiency.

Various calibratiorfunctions have been obtainéat the AWCC, and it isevident that a
function with an inflection is necessary to cover a lamggss range. This arises from self-
shielding (negative curvature) in the low-mass range and neutron multiplication (positive curvature)
in the high-mass range.

For illustration purposes, a cubic polynomial wittie possibility of a nonzero intercept (at
zeromass)will be assumed. For sonealibration datasets,the inflection is not present and the
coefficient of the cubic term can be set to zero. In general,

kR=a,+ a,m+a,n’ +a,nm’

For adifferent AWCC or the same AWCC (reference unit) at a diffetene, the
normalization factor is

k = [R(CN/R (CN] ¢ [R(AWCC-ref)R(AWCC-X)]  (sample correction) ,
or when using an AmLi source if RGCf reference source is available, it is
k = [T,(AmLi)/ T, (AmLi)]? « [R(AWCC-ref)R,(AWCC-X)] * (sample correction) .

The ratioR(AWCC-ref) R (AWCC-X)] corresponds tdhe responses frorthe two units
measuring the same uranium sample with their assigned AmLi sources.

Both the T, andR, values must be correctéor **Am (T,,, = 432 yr) and*Cf (T, =
2.643 yr) decay. Aorrection must also be appliedttee measured value & because oAmLi
source decay. For consistency, all source-decay depeanaentitiesshould becorrected back in
time to the date of original calibration.

The sample correction termallows correctionfor known biasescaused by differences
between the calibration samples and un&nowns. Arexample is calibratiowith UQ, in steel
cans and assay of JOn polyethylenebottles, whichwill increaseR by a few percent. This
perturbation can be measured or calculated and appled to

Material categories that require individual calibrations include

HEU metal disks or buttons,
HEU metal chips or pieces,
U-Al bildchen,

U/Th/C beads,

U,O, powder,

UF,,

ok wn =
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7. Materials Testing Reactor (MTR) elements,
8. U/Th/C pebbles, and
9. UG,

The most significant factor resulting in different material categoriestfargtalibrationcurves) is
the?*U density (g/cr).

4 . Uranium Neutron Coincidence Collar.* UNCLs are being routinelyused for
inspection activities byoth the IAEA and theCommission of European Communities (CEC)
SafeguardsDirectorate, Luxembourg (EURATOM). Thestivities have led to increased
requirementdor calibration ofall the collars inuse and a procedure &pply the calibrations to
differing fuel elementtypes. The UNCL case is thanost complex case to apptiie cross-
calibration approach, but théNCL derivesthe most benefit because tfe relative unavailability
of fresh light-water reactor (LWR) fuel elements that can be used as standards. Compared with the
AWCC, only oneAmLi source is used, thube problem of unmatchesburces is nopresent.
However,additional corrections are required because LWR fuel elements include many different
enrichments, pin configurationfjel massesand burnable poisoloadings. The case of the
UNCL is treated comprehensively in Ref. 1 and thus won'’t be elaborated here.

5. Cross-Calibration Summary. The primary goal of the calibratiooross-
reference approach described in this section is to reduce the number of @igsidatds and the
time required for calibration work. The larger the number of detectordaimiyy, the greater the
savings. Standardsom several differenfacilities can beused tobetter define calibration curve
shapes over a widange of fissildoadings. The cross-reference approach also makeasuth
easier to spot instrument malfunctions and sample outliers.

Although the methodavas firstintroducedfor the UNCL active assay systenthe basic
method can besed withgreater ease and better accuradth the passive systems such as the
HLNC-II and INVS.

The AWCCs do notneet thefull assumptions for applyinthe cross-reference approach
because th&arious detectorheadscan have differentesponse functions caused bymatched
AmLi sources. Forexample, ifthe top source is more intense thahe bottomsource, the
interrogation flux profile will be distorted, changing the shape of the calibration curve.

The cross-reference ratios attte calibration coefficients given Ref. 4represent a first
approximation to the final values. As more accurate calibration data are obtained, updates are being
made.

One of thebasic problems in selectinthe appropriate calibratiofunctions such as
polynomials, power functions, @xponentials is selecting a relialded representativdata set.
The cross-reference approach helps to solve this probltéa ieference detector and the primary
calibration data cover the full mass range of interest. Before the primary calibration function can be
obtained, the data should be

free of anomalous data (e.g., electronic noise or badly characterized standards),
accurately corrected for dead time,

accurately corrected for container variations, and

free of sample positioning and fill-height effects.

Hown e
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The normalization constaktmust be applied carefullpr standard setthat spandifferent
facilities andtimes. When there ar&known sample-to-sample differences within the sample
category, corrections for these differences must be makidédore curve fitting. The magnitude
of the sample perturbation can be determinsthg Monte Carlo simulations or experimental
measurements or both.

Calculationalresults usingVonte Carlo computer codesan be applied directly to the
sample correction factor ik to improveassay accuracy. Thispic is the subject of the next
section. The sample-dependent correction terkcan be used to correct any known biases in the
calibration equations.

B. Use of Monte Carlo Simulations to Minimize the Required Number of
Standards

In several important cases, sufficient information is known about the items to be assayed so
that accurate simulations of instrument response can be constructed. The first of thesel@dses is
of unirradiated fast breeder reactor (FBR) fuel eleme@ise of theprimary assaytechniques for
this importantmaterial category ipassive neutroroincidence countingPNCC). Another is
active neutron coincidence countif@NCC) of highly enriched uraniunHEU) in the form of
UF,. A third case is of ANCC applied to fissile assay of reseasattor irradiated fuel elements.
These cases are described in the following tetdesections.Othercases also exist and some are
being actively pursued.

1. Fast Breeder Reactor Mixed-Oxide Fuel Elements. In Ref. 7, a
calculational model is applied to the two-paramétargles and doublesJNCC assay ofresh,
finished FBR subassembliasd theresultsare comparedvith calibrationmeasurements. Two
assay instruments were considertet Universal FastBreeder Reacto6Subassembly Counter
(UFBC) and the Capsule Counter installed in dapanese Plutonium Fuel Production Facility.
Passive UFBC assays of four Fast Flux Test Facility (FFTF) and six G&NRB00 FBRfuel
subassemblies were simulate@alculatedresultsare shown in Fig. 30,along with measured

/ O FFTF calc.
* FFTF meas. Fig. 30. Plot of calculated and

/ measured  multiplication-cor-
10000 / O SNR300 calc. rected real-coincidence count
/ rates versus effective 2*%Pu

mass for FFTF and SNR300
/ FBR fuel subassemblies meas-
g slope=370+-001  yred in the UFBC. The linear

5000 fit (through the origin) is that
for the calculated points and its
slope is 3.70+ 0.01.
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240py, effective mass, g

91



results forthe FFTF assemblies. Passi@apsule Counter assays fofe FFTF, three JOYO
assemblies, and one MONJU assembly were simula@alculated and measuredsults are
shown in Fig. 31.

For the case of the US FFTF fuel, the absolute ratio of calculations to measurements for the
multiplication-corrected-reals calibration constantisl + 1.0% (average ofour subassemblies)
for the UFBC and -1.2 0.6% (average of five subassemblies) for the Plutonium Fuel Production
Facility (PFPF) Capsule Counter. Fanitial measurements of Japanese fuelthe Capsule
Counter, the absolute ratio is -E®.7% for three JOYO assemblies and +O®B7% forthe one
MONJU assembly.The calculatedesultsarevery accurateand precise and offer moedfective
and less costly inspectaerification of FBR fuel elements by reducing reliance on physical
standards (as well as costly and time-consuming sampling and DA) to expand the cross-calibration
database.
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2. Uranium Hexafluoride (UF;). An AWCC was modified to measure variable-
enrichment UE in storagebottles? An active techniquavas used to assaye **°U content
because of the small quantity (nominal loading of 2 kg ©fd nonuniform distribution of Ufn
the storagdottles. A newAWCC insert, composed gjraphite containingour AmLi sources,
was designed. Monte Carlo calculations wereised to desigrthe insert and taalibrate the
detector. Benchmark measurements and calculations were perfoisimeguranium oxide
standards. The Monte Carlo generated -calibratioourves, normalized to uranium oxide
measurements, resulted in Y&ssayshat agreed tavithin 2% to 3% of the DAvalues. In
addition, the AWCC was also calibrated for HEU ingots, billets, and scrap alloy using the standard
end-plug configuration for fast modef' 1.

3. Irradiated Materials Test Reactor Fuel Elements. A special, ANCC was

designed, builtand tested at th&RS forthe assay ofirradiated MTR fuel elements. The
instrument operates underwater and is called the Research Reactor Fuel (RRR@)ysystem?
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The RRFC contains twelve’He tubes,eachwith its own preamplifier,polyethylene neutron
moderator, and lead gamma-ray shielding; two AmLi interrogation sources; and @ramher in
a sealed, stainlesteelhousing. MTR assemblies are loadéem the top; a funnehids in the
loading process. The fuel assemblcéntered in the measurement cavitydagkets designed to
fit each specific type of MTR assembly.

Calibration parameters for the RRFC were deriveddigulationfor each separate type of
spent fuel assembly. Calibration by calculation, rather than by measurement, is necessary because
of the lack ofsuitably characterized MTR-typspent-fuel assemblgtandards. However, the
RRFC can be calibrated for fresh fuel by measuring adequately characterized fresh-fuel assemblies,
thereby providing a benchmark for the spent-fuel calculations.

The calculational modelvas validated by measurements made orfresh MTR test
assemblythat can beconfigured with various numbers of fuel plates in various geometries. The
fitted calibration curve is

R=an’(1 +bm)

The calibration parameters obtained from the measurements and calculations agreed to within 1%.
The facility isnow usingthe RRFC withthe calculated calibration parametéws the spent MTR
fuel.

C. Use of Calorimetry/Gamma-Ray Spectroscopyto Reducethe Need for De-
structive Analysis

The combination of calorimetry and plutonium gamma-ray spectrongetey powerful
approach to characterizing plutonium-beaMi&Ms. The precision andiasare not agood as
chemicalanalysis,but thecost is considerably less atite resultsare much more timely.With
sufficient counting time, precision and bias of better &% can be achievetbr homogeneous
and relatively pure plutonium samples. This is certainly suffid@nivaste assay systems where
the precision andbias are in the several percerdinge. The precision andias are probably
adequatefor certifying secondaryWWRMs. In addition, inthe US the calorimetry exchange
program hadeen ongoing sinc&981. The datafrom this program provide assurance of the
accuracy of the approach at several facilities.

The combination of calorimetry and plutonium gamma-ray spectrometry should certainly be
used for the reverification of standards on a scheduled basis.
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VII. QUALITY ASSURANCE OF STANDARDS
A. Calorimetry Exchange Program

NDA performance may be tested by means of interlaboratory measurementstipte
standards produced from one well-characterized lot of material. An equal quantity of the reference
material is placed in each container to thstributed: one toeach participating facility.
Measurements can then be madengthe same type dDA system: neutron, gamma/x-ray, or
calorimeter. Interlaboratory exchangeogramsare useful in evaluating measuremeiitiases
betweensites. The measurements made by each facpityvide a basis foevaluatingshipper-
receiver (S/R) differences. The statistical information provided by an interlaboratory program can
be used to evaluate whether a S/R difference is statistgigiifficant. A systematic difference in
measuremenesults exchanged betweemo sitesmay presage a difference 8IR results for a
shipment of SNM measured by the same instruments. The known bias besteiers could be
correctedusing the exchangadata. The standardcan also be used ithe facility for other
measurement contrgurposes. The exchange program mapdicate a statistically significant
measurement biger onelaboratory compared to theonsensus resulsnd thismay indicate a
measurement problem.

The CALEX Program wadnitiated in 1981. The format of the calorimetry exchange
program wassimilar in concept to othechemical exchangg@rograms such ashe NBL's
Safeguard®\nalytical Laboratory EvaluatiofSALE). Forthe CALEX program,plutonium (6%
24%Py) oxide samples were prepared from a homogenbateh of material. Thelemental and
isotopic compositions othe materialwere determined byhemical and massspectrometric
methodstraceable to theNBS. The isotopic composition of theaterial used toprepare the
samples is shown in Table XX. The results in Table XX for thé’@a (CALEX1) are based on
measurements made by four analytical laboratories.

Table XX
Isotopic Composition of CALEX samples (6% and 12%2*°Pu)*!?

Isotope CALEX1 CALEX1 CALEX2

(Weight %) RSD(%) (Weight %)
238py 0.00944 0.6 0.0853
2%y 93.8676 0.003 86.5304
24Py 5.86 0.06 12.169
241py 0.2338 0.57 1.0085
242py 0.0291 5.0 0.2067
24Am 0.1429 0.4 0.4320

*CALEX1 isotopic compositionsvere measured oh/1/89. Uncertaintiesare calculatedrom the data
from the four reporting laboratories. CALEX2 isotopic compositiseese measured oi@/11/95 with
results from one reporting laboratory.
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One container with 400 g of plutonium was distribute@doh participatinddOE laboratory.Each
site measured its standard with calorimetry and gamma-ray spectroscopy and reported the results to
Mound Laboratory on a quarterbasis. There the dat&om all the laboratoriesvas summarized
and a quarterly report issued to the participants. The data were infendseé byparticipants in
measurement control programs or to determinebihe ofthe measurement droth. Noattempt
was made to standardize operational procedurdisedirequency ofmeasurementd he quarterly
average calorimetry results for the CALEX program in 1990samvn in Fig. 32. The reported
power measurements were decayed to a common date using plutonitffAmnisalf lives and the
original massspectrometry/alpha counting analysesh&f materialdot. Most calorimetryresults
agreed to within 0.2% of the power, 0.9759 pkkdicted fromthe original plutonium weight and
mass/alpha spectrometry measurementbe results for CALEX gamma-ray isotopic
measurements are presented elsewhere in this guide.
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Recently the scope of the CALEX progravas expanded. A series well-characterized
12% **°Pu standardsachweighing 2000 g with shermalpower of 6.2 W hadeenprepared.
These samples provide higher wattage standards and isotopic compositions representative of higher
burnup plutoniunt. The isotopic composition atis newer referencenaterial (CALEX2) is
shown inTable XX. The CALEX isotopicresultsare discussed elsewhere in thgsiide. The
CALEX program is now administered by the NBL at ANL.

B. Calibration Using Calorimetry/Gamma-Ray Assay
Calorimeters aralesigned to capturall the heatflow from a plutonium sample. The

temperature-sensinglement completelgurroundsthe sides ofthe cylindrical samplehamber.
Insulators andheatshunts athe top and bottom of thealorimeterensurethat the heatlowing
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through these areas is directed through the heat-sensing element. The heat distribution error can be
determined by moving amall, compact®*®Pu heatsource inthe larger sample chamber and
measuring the difference in instrument response for different locations. deéafound that this

error is small, lesshan 0.4% for a 12-in.diameter calorimeter.This insensitivity to position

means that the heat measurement is independent of the location of the plutonium in the sample
chamber. Thusspatial inhomogeneities will not significantly affect theat measuremengsult.

The thermalpoweM measured by heat-flow calorimeters is insensitivethiermal physical
properties such as specific heat and the thermal conductivity of the material in the Saanpber.

Only the time tareach thermal equilibrium is affected by th@seperties. The independence of
calorimetry frommaterialproperties is its primary advantage over other nmapad, but matrix-
dependentNDA techniques. Acalorimeter will measure the same quantity of therp@her
independent ohow the SNM s distributed inthe matrix and independent of tlohemical or
physical nature of thenatrix. The same thermagdower resulwill be obtained whether the SNM
sample is solid, liquid, or gas, whether the SNM is pure material; whibd8NM is mixed with

high-Z materials such as lead or depleted uranium, low-Z materials such as paper, oil, or plastic; or
whether theSNM is mixed with scrapmetal parts, such afom contaminated glovéoxes or
machine tools.

High-resolution gamma-ragpectroscopy usingermanium detectors is associated with
calorimetry measurements of plutonium-bearing materials. This type of measurement is needed to
determine the isotopic composition from which the effective spguificer ofthe sample,P., is
calculated. The quantity of plutonium in the sampleaisulatedfrom W /P, . The sampl@éeeds
to be isotopically homogeneous gbat the isotopic composition measured by gamma-ray
spectroscopy represents the isotopic composition of the whole sample.

The relative independence of the calorimeter output with respect to matrix type indicates that
calorimetry may be used in producing NDA physst@ndards. In generglhysical standards for
NDA instruments have been produced synthetically, by mikimgwn quantities ofpure, well-
characterized SNM with a matrix material similar in characteristics to the unknowns to be measured
or by selecting representative containers ftbe material category iquestion and analyzing the
contents usinghemicalmethods. The chemicalanalysismay involve sampling the container
contents or completely dissolving the container contents after the appro{iDidteneasurement is
made. If sampling is performed, a sampling error will be added to the overall standard uncertainty.
These methods of producing physical standardsexpensive because of thast of chemical
analyses and the generation of nuclear waste. A new standard set may cost more than $150,000.

The chemicalroute to preparing standardsin bebypassed itmany cases bysing
calorimetry/gamma-rayneasurements. The insensitivity of calorimetry to matrix and SNM
distribution inside the sample container suggests that it couldsk in preparinglDA standards
at a production facility. Representative containers would be withdrawn from a populatemsof
from one category and assayed datorimetry/gamma-ragpectroscopy. These assayedems
would serve as standards for oth@mgrerapid, NDA methods such as neutron counting. The
calorimetry/gamma-ray assay technique is traceable to NIST thus providing traceability for the new
secondary standards. The method depends on the isotopic homogeneityatktiad category to
be measured. The assay technique would alspjleable to material categoriederethere are
too many items to measure by calorimetry alone \ehdrethe more rapidcNDA methods are
needed. A transportabéalorimeter could be moved to locationgh no permanentalorimeter
setup.
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The calorimetry/gamma-ray standards preparation technique has not been gesedatty
produce secondary standards MDA instrumentation buhasbeenused for aclosely related
activity: verification measurements.  From 1972 to 1998alorimetry and gamma-ray
measurements were performed by Mound Laboratory teams for the Safeguards Branch of the DOE
Albuquerque Operations Office. Once a year these teams would visitDédgfiacilities to verify
the plutonium content of selected items in conjunctigth DOE audits. Aportable water bath
calorimeterand germanium counting system westgipped tothe sites from Moundfor the
measurements. The site visits lasted two weeks including setup time. In 1983 neetsrdement
technique, passive TNCC was addetlhis technique was used to increase the number of samples
that could be evaluated in a limited time.

The method by which the three techniques wesed foraudit verification campaigns was
essentially equivalent to the calorimestandards preparation technique. Items to be measured
were selected from differenmaterial categories by thauditors. Someplutonium categories
measured were product oxide, low-fired oxidéectrorefining saltesidue,direct oxide-reduction
salt, and direct oxide-reduction metal. With#mchcategory,the Moundteam selectedeveral
items that spanned the plutonium mass range of the material category in question. Calorimetry and
gamma-rayspectroscopy were used determine the plutonium and the effectf’#Pu mass of
these items.The new standards wettbenused todetermine the calibration curve of the neutron
counter. Anin-field calibrationcurve,including additional calorimetryneasurements, ishown
for an audit verification in Fig. 33.The remaining samples of the category were then measured by
the neutron counter using this calibratmurve. Certain material categoriegere difficult toassay
by this technique. Materials with known isotopic inhomogeneities such as crucible pieces or anode
heels in matrices with high levels afmericiumfluoride salt presented difficultider the gamma-
ray isotopic analysis. However, for most material types, the calorimetry/gamma-ray
standardization technique worked satisfactorily.
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Figure 33. In-field calibration via calorimetric/gamma-ray assay for passive TNCC.
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The calorimeter verification measurements of plutonium matepialgide anexample of
using calorimetry and gamma-ray isotopic measuremeraeatesecondanNDA standards. The
procedure outlined above could be applied by an indivifaality to the assay of its own
inventory and wouldemove the need touy, prepare, ochemically characterize NDAhysical
standards.

C. Standards Recertification

NDA standardscontain uranium- or plutonium-bearing materials similar in quantity and
isotopic composition to the materials to &&sayedThe matrix material invhich the SNM is
located is chosen to represent the material category. In that case, the matrix material of the standard
affects the NDA measurement the same way as the matrix affects the sample measurement.
Although the standard may have been synthesizetharacterizeatorrectly, overtime changes in
physical properties coulthake thestandard no longer representative tbé material category
measured. The changes could lead to a drift in the response of the NDA instrumestdodhed.
Changes in physical propertiexclude stratification of particle size or clumping of particles or
both. Gamma-ray tomographic techniques could be usgeté¢otshifts in physical propertiethat
might affect NDA instrument performance.Grow-in of gamma-emittingprogeny with high
gammabranching fractions, such &'Am from **'Pu or ?®°TI from ***U, can degrade the
performance of gamma-ray analys@$e properties of thetandard could vary ovéime and no
longer represent the material category. New standards may have to be prodeptatéothe old
ones.

Physical standards may exist witlexactly known isotopic compositiong-or short-lived
isotopesthe imprecision of the isotopic measurement lesal to a larger uncertainty in isotopic
composition over a period gkars. This uncertainty is a concefar highly accurate calorimeter
measurements and leads to the neetkdalibrate***Pu standards.Currently there is no DOE
complex-wide requirement concerning the frequency of recertificatiorNDA standards.
However,the Albuquerque Fiel®ffice (DOE/AFO)has set anaximum calibration interval of 5
years for anycalibrations insupport of weapons, nonweapons,general operations activitiés.
The maximumperiod can be exceeded if formal documentatiopraided justifying a longer
interval. ThisDOE order hasbeen applied to setting the 5-yearaximum intervalfor the
calibration of**®u heat sources.

The recertification of*®Pu heatstandards is aexample of the neefbr recertification
because of the change in standard properties with time. Plutonium-238 heat sources are certified to
a high accuracy).015% (= 150 ppm).Uncertainties in thénitial isotopic measurements of the
2% source material, partly causedtbg lack of suitablésotopic reference materialgad to an
uncertainty in the decay correction usedatculate the thermaower ofthe heatstandard alater
times. Table XXl compares th@ower predicted from isotopic decay fromitial value measured
by mass spectrometry with the average power measuitbé ralibration calorimetdor a typical
1-W heatstandard over a 19-year peridkhe data indicate an overall pm drift overthe time
range. A linear least-squares fit can be performed on the changing bias; the uncerthattyitof
can beused toestimate thestandard accuracy over an extrapoldiew period. The accuracy is
estimated by |bias| + |2 sigma fit|.

The heat sources must be recalibrated every 3 to 5 years. Recalibrations preaioigesly
out for the DOE complex at Mound ar@ow done at LosAlamos using special calibration
calorimeters. The calorimetry calibration procedure is described elsewhere in this guide.
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Table XXI

Calibration and Recalibration Measurements for
238p; Heat Standard 1.0 W

Date Power(observed) | Power(Predicted) Power (observed) -
(days)[] (Watts)[**] (Watts) Power (Predicted)
(Watts)
3001 0.972683 0.972638 0.000045
3001 0.972682 0.972638 0.000044
4800 0.935921 0.935888 0.000033
6185 0.908499 0.908517 - 0.000018
7475 0.883717 0.883727 - 0.000010
9887 0.839101 0.839137 - 0.000036
9884 0.839153 0.839191 - 0.000038

[*] Day 1 = January 1, 1966
[**] Data are averages of replicate (4 to 9) calorimeter measurements.
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VIlIl. RECOMMENDATIONS

Following are six recommendations based on issueislenified in preparing thiseport.
We also give the rationale for each recommendation

1. Establish, within the United States, a resourcecenter (such asPERLA
in the EEC) housing an extensive collection oWwell-characterized NDA
standards and laboratories in which NDA systems are characterized,
calibrated, and used for training.

The UShas nodedicated centewhere usergan bring their NDA instruments for
evaluation and calibration. We recommeasdablishing, irthe US, aresourcecenter
such as PERLA in the EEC. The purposes of this US center would be as follows.

a. The user community could validate theiNDA instruments and simulation
techniques using the wide range of types lmnadses of standardsailable athis
center. The standards at the center must all be well-characterized.

b. Fully calibrating the majority of neutron NDA instruments for bulk SNM requires a
set of relatively large plutonium- or uranium-bearstgndards or both foeach
material type. Many of the developedheutron NDA instruments havebeen
transferred tothe commercialsectorand, thereforesome standard instrument
models are widely available.Each instrumentrom a givenfamily of a standard
modelshouldhave the same calibration curshape. The “universal”’ calibration
curve of a family of counters could carefully be established for a given material type
and reference detector at this center. Also, the user could normalize the response of
the individual counter to the reference detector(sydingthe universal curve and
one or a few CRMs or WRMs.

c. The well-characterizedtandards would further sertbe user community in a
variety of NDA workshops and training courses.

2. Request that NBL/IRMM develop several CRMs.

Several CRMs needed likie user community should be producedBecause of the
difficulty in preparing CRMs, they should Iselected carefully in conjunction with the
development effort to reduce the number sthndards required toalibrate NDA
systems. If NBLand thelRMM have difficulty in fabricating some of thesgRMs,
national laboratories can provide support. The plutonium-bearing CRMs magueel

in limited sets because of the difficulty in shipping. The two following needs stand out:

a. Plutonium metal standards These will beused tonormalize theresponse of
individual counters and can use the universal calibration curve estalftisiibdse
families of instruments. We find that 3-5 thin disks of pure plutonmnetal in the
mass range 0.5 to 10 g would be very useful.
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b.

Low-density standards These araiseful in manyways. They can beused to

calibrate SGS systems, which are designed to assay low-density wdtealse

of the relativelylow density ofthesestandardsthe self-attenuation can be easily
corrected and these standards can be used for holdup calibration and testing. One to
two standards of plutonium and uranium in the mass range of 10 tavddld be
adequate. Only a small number of CRMs are required becauS&thealibration

is linear as a function of SNM mass.

3. Develop bulk-plutonium WRMs

Several WRMs needed by theser community at theresourcefacility should be
produced. These items should not be shipped from site tol$iteeneeds havéeen
identified.

a.

Impureoxideset Develop a set of impure plutonium oxide standards to be used in
studying the effects of impurities on neutron coincidencenamitiplicity counting.

Six standards will benade; each will have mass of 1 kg and a constasbtopic
composition (~ 6%*°Pu). The impurities and theira(n) yields relative to
spontaneous fission (the alpha value) will be as follows:

none,
silicon witha = 1,
silicon witha = 1.5,
fluorine witha = 2,
boron witha = 2.5, and
magnesium witl = 3.

© gk wbhE

Pureplutoniummetalset. Develop a set of pure plutonium metal standards to study
the effects of neutrommultiplication on neutron coincidence andhultiplicity
counting. Six standardill be made in thdorm of right circular cylinders and
constant isotopic composition (~ 6%%Pu). The plutonium masses will be 30, 60,
125, 250, 500, and 1000 g.

MOX andwet plutoniumoxideset- Develop a set of three wet oxide standards and

a set of three MOX standards to use in studying the effects of moisture and induced
fissions inuranium on neutron coincidence amulltiplicity counting. The wet

oxide standards will contain 1 kg of plutonium with constant isotopic composition
(~ 6%%*°Pu). The moisture contents will k%, 2%, and 3% byweight. The

MOX standardwill have the same plutonium isotoppomposition,will contain
natural uranium, and will all have a combined uranium and plutonium mass of 1 kg.
The plutonium masses will be 100, 200, and 300 g.
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4 . Establish the combination of calorimetry and plutonium gamma

spectrometry as an acceptableoutine method to certify plutonium-
bearing WRMs.

The combination of calorimetry and plutoniugammaspectrometryis a powerful
approach for characterizing plutonium-bearing WRMs. The combination ipriesse
and has a larger bias thahemicalanalysis,but the combination is cheaper and more
timely. With sufficientcounting time, precision and biaan be better tha®.3% for
homogeneous anelatively pure plutoniumsamples. This igertainly sufficient for
waste assay systems whéne precision antbhiasare in the several percent range and
probably adequatéor certifying secondaryWWRMs. In addition, inthe US the
calorimetry exchange prograhasexisted sincel981. Datafrom this program assure
accuracy and precision of the approach at several facilities.

The combination of calorimetry and plutonium gamma spectrometry should certainly be
used for the scheduled reverification of standards in measurement control procedures.

. Publish a referencemanual on the standards (RMs) that cannot and
should not be shipped from site to site.

SomeNDA standardsbecause of physicalze, cannot be shipped from site site.
Also, some low-level waste standards that are uséldgalisposable waste tie 100
nCi/g level should not be shipped to other sites because of ease of preparatiitin. It
be very useful to publish a practical guide to illustrate how these standards are made.

. Establish the calculational approach as aacceptable, routine method of
NDA instrument calibration.

Some standardgannot be characterizedithout being partially orcompletely
destroyed, for example, speetactor fuel-elements. Thestandards would also be
difficult to store and maintainFor spent-fuel assagystems, aredible calculational
method should be developed, which mustbeeptable to theegulatoryagency. An
example of this approach is the calculatiorfreéhfuel assemblies and comparison to
the measuredesponse, whicltan serve as avalidation step inthe calculational
standard approach.

Also, for freshplutonium-bearing reactor fuassemblies, standardse difficult and
expensive to access for calibratiotsing fast-reactor fuel-element fabricatiatata,
calibration curves based ormalculations have beeshown to reproduce passive
coincidence measurements to within ~ 1% over a wide range of element types.

In fact, for any plutonium item that isthoroughly characterizedwith regard to
geometry, mass, compositioand matrix, calculational approaches shoulgield
calibration parameters to withit?o. This should bererified case byase, tadevelop
standard calculational methods.
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